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PROTEOMIC ANALYSIS OF HEAT AND COLD STRESS RESPONSE OF 
Rhodobacter capsulatus AND EVOLUTIONARY ENGINEERING OF ITS 
HEAT RESISTANT MUTANTS 
SUMMARY 
Hydrogen is a promising alternative energy source which can be produced 
biologically. Rhodobacter capsulatus, a non-sulphur purple photosynthetic 
bacterium, can produce hydrogen in nitrogen-limited conditions under 
photoheterotrophic conditions by using reduced carbon sources such as simple 
organic acids. Outdoor closed photobioreactors used for biological hydrogen 
production are located under direct sunlight, as a result; bioreactors are exposed to 
temperature fluctuations during day time and hydrogen production is affected 
considearbly because of day and night temperature changes. To overcome this 
problem, temperature-resistant mutants (up to 42°C) of R. capsulatus were gererated 
by evolutionary engineering approach, and the effect of heat and cold stress on the R. 
capsulatus hydrogen production metabolism was studied  by proteomics approach 
for further metabolic engeneering studies. Eleven mutant strains of R. capsulatus 
DSM 1710, generated by ethyl methane sulfonate (EMS), were selected at 42°C 
under respiratory conditions.  The genetic stability of the mutants was tested and 
eight of them were genetically stable. All of the eight mutant strains could grow 
under photosynthetic conditions along with growth ability at 42°C. Moreover, 
hydrogen production of mutant strains was analyzed; five of the mutants were 
producing higher amounts of hydrogen when compared to DSM 1710 wild-type 
strain and three mutants were producing less hydrogen in volume. The mutant whose 
hydrogen production was higher than those of the other mutants (B41) produced 11.7 
% more hydrogen compared to wild type, and the mutant with lowest hydrogen 
production (A52) generated 11.2 % less hydrogen compared to the wild type. These 
results indicated that heat resistance of R. capsulatus can be improved by 
evolutionary engineering which is a useful tool to improve industrially important 
microbial properties.  
From the data gathered from proteomic analysis, it was seen that a number of 
proteins expressed or repressed as a response to heat and cold stress. Proteins whose 
expression increased under heat shock conditions are heat shock proteins, membrane 
proteins, ribosomal proteins, and electron transfer chain proteins. Along with these 
proteins, proteins occupied with hydrogen production metabolism were decreased in 
expression. This situation leads to decrease in hydrogen production under heat shock 
conditions. Under cold shock conditions, proteins whose expression increased are 
membrane proteins, ribosomal proteins, cold shock proteins, and electron transfer 
chain proteins. Proteins of hydrogen metabolism decreased as in the case of heat 
shock. So, hydrogen production decreased under cold shock conditions.  
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Rhodobacter capsulatus BAKTERĠSĠNĠN SICAK VE SOĞUK STRESĠ 
TEPKĠLERĠNĠN PROTEOMĠK ANALĠZLERĠ VE SICAĞA DAYANIKLI 
MUTANTLARININ EVRĠMSEL MÜHENDĠSLĠĞĠ 
ÖZET 
Hidrojen biyolojik olarak üretilebilen gelecek vadeden alternatif bir enerji 
kaynağıdır. Sülfür bakterisi olmayan, mor bakteri, Rhodobacter capsulatus azotun 
sınırlı olduğu durumlarda fotoheterotrofik koşullarda basit organik asitler gibi karbon 
kaynaklarını indirgeyerek hidrojen üretebilir. Biyolojik hidrojen üretimi için 
kullanılmakta olan açıkalan-kapalı fotobiyoreaktörler direk güneş ışığı altına 
yerleştirilirler; buna bağlı olarak, gün içinde sıcaklık değişimlerine maruz kalırlar. 
Bu problemi çözmek için; bu çalışmada R. capsulatus bakterisinin sıcağa dayanıklı 
(42°C‘ ye kadar) mutantları evrimsel mühendislik yaklşımıyla geliştirilmiştir ve ileri 
metabolik mühendislik çalışmaları için sıcak ve soğuk stresinin  R. capsulatus 
hidrojen üretim metabolizması üzerine etkileri proteomik yaklaşımla çalışıldı. R. 
capsulatus bakterisinin DSM 1710 soyuna EMS mutagenezi uygulanarak, onbir 
mutant soy oluşturuldu ve 42°C‘ de solunum koşullarında seçildi. Mutantların 
genetik kararlılığı incelendi ve sekiz mutantın genetik olarak kararlı olduğu görüldü.  
Sıcaklık stresine dayanıklı bu sekiz suşun tamamı 42°C‘de büyüyebilmenin yanısıra 
fotosentetik ortamda da büyüyebilmektedirler. Ayrıca, mutant soyların hidrojen 
üretimleri analiz edildi, analiz sonucunda beş mutantın yaban tip DSM 1710 
soyundan daha fazla hidrojen ürettiği; üç mutantın ürettikleri hidrojenin hacim olarak 
yaban tipten daha az olduğu tespit edildi. En yüksek hidrojen üretim kapasitesine 
sahip olan mutantın (B41) ürettiği hidrojen miktarının yaban tipin hidrojen 
üretiminden % 11.7 daha fazla olduğu; öte yandan, hidrojen üretimi en düşük olan 
mutantın (A52) yaban tipten %11.2 daha az hidrojen ürettiği görüldü. Bu sonuçlar, 
endüstriyel açıdan önemli özelliklerin geliştirilmesinde yaygın olarak kullanılan 
evrimsel mühendislik yöntemiyle R.capsulatus bakterisinde sıcaklık direncinin 
geliştirilebilir olduğuna işaret etmektedir.  
Proteome analizleri sonucunda elde edilen veriler, sıcak ve soğuk stresine karşı 
birçok proteinin aktive olduğu veya ekspresyonun azaldığı görülmüştür. Sıcak şoku 
durumunda ekspresyonu artan proteinlerin sıcak şoku proteinleri, membran 
proteinleri, ribozomal proteinler ve elektron transfer zinciri proteinleri olduğu 
görülmüştür. Bu proteinlerin yanı sıra hidrojen üretim metabolizmasında görevli 
proteinlerin ekspresyonu sıcak şoku karşısında azalma göstermiştir. Bu durum sıcak 
şoku koşullarında hidrojen üretiminin azalmasına neden olmaktadır. Soğuk koşulları 
altında ekspresyonu artan proteinler soğuk şoku proteinleri, ayrıca sıcak şoku 
koşullarında olduğu gibi membran proteinleri, ribozomal proteinler ve elektron 
transfer zinciri proteinleridir. Hidrojen üretim metabolizması proteinleri soğuk şoku 
koşullarında da azalma göstermiştir. Soğuk şoku koşullarında hidrojen üretimi 
azalmıştır. 
  
  
xx 
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1. INTRODUCTION 
1.1 Rhodobacter capsulatus 
Rhodobacter capsulatus is a purple-nonsulfur α-proteobacterium which has a 
branched metabolic acitivity. The non-sulfur term stems from that purple non-sulfur 
bacteria (PNS) were thought to be not using hydrogen sulfide as an electron donor. 
However; PNS can use hydogen sulfide as electron donor; but  not  as much as sulfur 
bacteria does (Brock et al. 2003). PNS give purple to deep red pigments in 
facultative anaerobic conditions, whereas pigment formation under aerobic 
conditions is observed to be less brighter even colorless (Basak, Das; 2007).The 
classification of the organism was not decided at once, at different time intervals the 
organism was classified under different genus as a result of technical advancements 
like DNA fingerprinting and sequencing. In 1907, Molisch named the nonsulfur 
bacteria he isolated from sewage water as Rhodonostoc capsulatum which was the 
first nomenclature of purple nonsulfur bacteria R. capsulatus. In 1944 Van Neil, after 
Molisch, classified the same bacteria and named it as Rhodopsuedomonas 
capsulatus. Final and known name of the bacteria was decided at 1984 by Imhoff et 
al. Imhoff split the Rhodopseudomonas genus into two new genera Rhodobacter and 
Rhodopila and classified the Rhodopseudomonas capsulatus under Rhodobacter 
genus as R. capsulatus up on structural similarities of macromolecular cell 
constituents besides the morphological and physiological properties (Imhoff et al., 
1984). 
All species (Rhodobacter capsulatus, Rhodobacter sphaeroides, Rhodobacter 
suljidophilus, and Rhodobacter adriaticus) of this genus (Rhodobacter) have very 
similar properties. The cells of the organisms of this genus are avoid to rod shaped. 
They could be motile or non-motile, and they divide by binary fission. Species under 
this genus have vesicular photosynthetic membranes and occupy bacteriochlorophyll 
a and carotenoids of the spheroidene group as photosynthtic pigments. All species 
contain the large type of cytochrome c2 and Q-10 as the sole quinone component. 
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According to 16S rRNA analyses and DNA-RNA hybridization studies; the species 
are very similar. Differences occur in the oxidation products of sulfide, which is 
oxidized by all four species. Lipid compositions of membranes are different from 
each other between the species of the genus. Despite the small variation in their 
phenotypic properties, DNA-DNA hybridization shows only a low degree of 
homology among the DNA molecules of the different species. A study of 17 strains 
of Rhodobacter capsulatus, Rhodobacter sphaeroides, and Rhodobacter 
suljidophilus revealed low level of homology (less than 30%) between DNA 
molecules of different species (Imhoff et al., 1984). 
As a purple non-sulfur (PNS) bacterium, R.capsulatus can grow 
photoheterotrophically, photoautotrophically or chemoheterotrophicall according to 
changing environmental conditions like oxygen presence, nitrogen limitation, or 
availability of light source (Basak, Das; 2007). R.capsulatus can grow rapidly in 
synthetic media even under anaerobic photosynthetic conditions or aerobic 
respiratory conditions (Weaver et al., 1975). Five growth modes are available to this 
bacterium: (i) anaerobic growth as a photoautotroph on H2 plus CO2 with light as the 
energy source; (ii) anaerobic growth as a photoheterotroph on various organic carbon 
sources (such as organic acids) with light as the energy source; (iii) growth as a 
fermentative anaerobe, in darkness, on sugars as sole carbon and energy sources; (iv) 
aerobic growth as an ordinary chemoheterotroph in darkness; and (v) aerobic growth 
as a chemoautotroph, in darkness, with H2 as the source of electrons (Madigan, Gest, 
1978). 
The importance of R. capsulatus as a model organism stems from its remarkable 
range of metabolic plasticity, especially in regard to alternative modes of energy 
conversion, R.capsulatus has been increasingly used in studies on energy 
conservation processes, membrane formation, and metabolic regulation (Marrs, 
1974). Still, the stability of this organism gives researchers the advantage of long 
term storage of the organism. Another advantage of this bacterium is its availability 
to genetic manipulation that it is easy to promote mutants and cloning mutant genes 
to this organism (Weaver et al., 1975). Also, as a result of genome project, entire 
genome of the R.capsulatus has already been sequenced that genome of the organism 
is available online.  
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1.2 Importance of Hydrogen Energy 
Energy demand throughout the world has increased dramatically starting from the 
Industrial Revolution. Fossil fuels are the leading and most common energy sources 
to confront this growing demand of energy, in Figure 1.1, the change in global 
energy systems in time is shown. However; dependence on fossil fuels as the main 
energy sources has led to serious energy crisis and environmental problems, i.e. 
fossil fuel depletion and pollutant emission (Ni et al, 2006). Especially the pollutant 
emission is quite problematic; recent analysis, done in the U.S.A, estimated that 
pollutants may be high enough to affect public health and/or the environment in areas 
where 50% of Americans live (Holladay et al., 2009).  
Utilization of fossil fuels are causing global climate change mainly due to the 
emission of pollutants like COx; NOx; SOx; CxHx, soot, ash, droplets of tars and 
other organic compounds, which are released into the atmosphere as a result of their 
combustion. Therefore; there is a need for clean alternative energy to decrease urban 
air pollution, to generate low or zero-emission vehicles, to reduce foreign oil imports, 
carbon dioxide (CO2) emissions and global climate change, and store renewable 
electricity supplies (Solomon; Banerjee, 2004). 
Hydrogen is a clean alternative to fossil fuels to remedy the depletion of fossil fuels. 
Hydrogen is not a primary energy source, but rather serves as a medium through 
which primary energy sources (such as nuclear and/or solar energy) can be stored, 
transmitted and utilized to fulfill energy needs (Das, Veziroglu; 2001, Turner, 1999).  
 
Figure 1.1. Global energy system transition from 1850 to 2150 (Momirlan, 
Veziroğlu, 2005) 
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Hydrogen expression comes from the Greek words ‗‗hydro‘‘ and ‗‗genes‘‘ meaning 
‗‗water‘‘ and ‗‗generator‘‘. Hydrogen is the least complex and most plentiful element 
in the universe. Hydrogen is a key part of water, which covers over 60% of the 
planet‘s surface. Hydrogen appears in different forms in plants, animals, humans, 
fossil fuels, and other chemical compounds (Midilli et al.2004) and there are several 
benefits to use hydrogen as an energy source which are as follows; 1) hydrogen is a 
non-toxic, clean energy carrier that has a high specific energy on a mass basis, 2) 
many production processes for hydrogen exist; including processes where some of 
the hydrogen is contributed by fossil fuels, 3) hydrogen can be safely transported in 
pipelines, 4) as an energy carrier in clean sustainable energy systems, when 
combusted; hydrogen produces non-toxic exhaust emissions, 5) hydrogen can be 
generated from various energy sources; including most renewable ones, 6) compared 
to electricity, hydrogen can be stored over relatively long periods of time, 7)  
hydrogen can be utilized in all parts of the economy (e.g., as an automobile fuel and 
to generate electricity via fuel cells) (Midilli et al., 2004, Ni et al., 2005). 
1.2.1 Biohydrogen production 
Fossil fuels are the leading and most common energy sources to confront growing 
demand of energy. However; fossil fuels are limited in amount and they possess 
environmental risks such as pollution and release of greenhouse gases (Ni et al, 
2006). On the other hand; hydrogen is one of the cleanest energy sources that only 
water is produced up on combustion (Özgür et al. 2010, Koku et al., 2002, Holladay 
et al., 2009). So, hydrogen could be the main energy carrier for future (Özgür et al. 
2010). However; in order for hydrogen to replace fossil fuels in the future, it has to 
be produced renewably and in large scale (Koku et al., 2002, Özgür et al. 2010).  
Biological hydrogen production has several advantages over hydrogen production by 
photochemical, electrochemical or thermochemical processes. Both thermochemical 
and electrochemical hydrogen generation processes requires high amount of energy 
and not always eco friendly. Electrochemical hydrogen production via solar battery-
based on water splitting requires the use of solar batteries with high-energy 
requirements (Basak, Das; 2007). On the other hand, biological hydrogen production 
stands out as an environmentally harmless process carried out under mild operating 
conditions (demanding less energy) and offers an opportunity to utilize renewable 
resources such as biomass, water and sunlight (Özgür et al. 2010). Several types of 
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microorganisms such as the photosynthetic bacteria, cyanobacteria, algae or 
fermentative bacteria are commonly utilized for biological hydrogen production 
(Koku et al., 2002). 
There are two principal types of biohydrogen production, i.e., anaerobic H2 
fermentation (dark fermentation) and photosynthetic H2 production. In dark 
fermentation technology, carbohydrates contained in biomass are utilized to produce 
H2 by strictly anaerobic bacteria. Photosynthetic H2 production, however, is 
performed by photosynthetic bacteria such as cyanobacteria or purple bacteria. 
Various types of bacteria associated with hydrogen production are shown in the 
Table 1.1.   
Table 1.1: Classification of hydrogen producing microorganisms according to their 
class, genus hydrogen production mode of metabolism, hydrogen 
generating enzyme and electron donors 
Available 
Energy Form 
Hydrogen 
Generating Enzyme 
Class of 
Bacteria 
Sub-class of 
Bacteria 
Genus of Bacteria Electron Donor 
Photosynthesis 
Hydrogenase 
Green Algea 
- Chylodomonas Water 
- Chlorella Water 
Cyanobacteria 
Heterocyst Anabeana Water 
Non-
heterocyst 
Oscillataria Water 
Nitrogenase 
Photosynthetic 
Bacteria 
PNS 
Rhodobacter Organic acids 
Rhodopseudomonas Organic acids 
Rhodospirillum Organic acids 
Purple 
Sulfur 
Bacteria 
Chromatium Sulfates 
Thiocapsa Sulfates 
Non-
photosynthesis 
Hydrogenase 
Obligate 
anaerobe 
- Clostridium Sugars 
Facultative 
anaerobe 
- Methanobacterium Sugars 
- Escherichia Sugars 
- Enterobacter Sugars 
Nitrogenase 
Nitrogen 
Fixing 
Bacteria 
Facultative 
aerobes 
Azotobacter Sugars 
Clostridium Sugars 
Facultative 
anaerobes 
Klebsiella Sugars 
In particular, purple non-sulfur (PNS) bacteria has the advantage of being able to 
utilize various carbon sources, even the by products of dark H2 fermentation such as 
 
6 
fatty acids, are completely used to produce H2. However, there are still problems to 
be solved, e.g., low conversion efﬁciency of light energy and adverse effect of 
ammonium on H2 productivity (Das, Veziroglu; 2001, Kawagoshi et al.,2010). Still, 
compared to water splitting by algae, PNS bacteria require much less free energy 
(+8.5 kJ mol –1 hydrogen for lactate) to produce hydrogen by completely 
decomposing organic substances (Basak, Das; 2007). 
Biological hydrogen production is achieved by the help of two main enzymes which 
are hydrogenases used by fermentative microorganisms to produce hydrogen and 
nitrogenase that utilizes nitrogen fixation under nitrogen limited conditions and 
produces hydrogen as a by-product. Hydrogenases catalyze the reversible reaction, 
H22H+2e
-
, and play a vital role in the energy metabolism of many microorganisms 
(Liang et al., 2008). Nitrogenase can evolve hydrogen simultaneously with nitrogen 
reduction in nitrogen limited conditions. Therefore; stressful concentrations of 
nitrogen, almost none, are required for hydrogen evolution (Gadhamshett et al., 
2008). 
1.3 Hydrogen Metabolism of R.capsulatus  
Nitrogen is a crucial element for R. capsulatus to grow. Under ammonia-free 
environment (the sole nitrogen source is the molecular nitrogen, N2, found in air) the 
nitrogen fixation system of R.capsulatus (Figure 1.2) is activated. Activated nitrogen 
fixation system enables the cells to reduce and assimilate atmospheric N2 to 
ammonia, accompanied by the reduction of protons to molecular hydrogen.  
When cells are under nitrogen limiting conditions, redox balance of the membrane, 
where the photosynthetic proteins like quinoles, cytochromes and photosynthetic 
reaction center are located; is over reduced. Nitrogenase system serves as a redox 
balancing system during growth under limited nitrogen conditions. Many organic 
acids can be transformed into hydrogen gas under photosynthetic nitrogen limiting 
growth conditions by nitrogenase. Like many phototropic bacteria, R.capsulatus has 
also membrane associated respiratory uptake hydrogenase enzyme that recycles the 
H2 produced by nitrogenase. The enzyme uptake hyrogenase is essential under the 
photoautotrophic and chemoautotrophic growth in which CO2 serves as the primary 
carbon source and molecular hydrogen as the reductant. 
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It was previously reported that mutants in which the uptake hydrogenase enzyme is 
deleted, cannot grow photoautotrophically under limited nitrogen conditions. On the 
other hand, due to activity of nitrogenase enzyme, mutant can grow 
photoheterotrophically and evolves H2 in limited nitrogen conditions (Ozturk, 2006).  
 
Figure 1.2. Elements of hydrogen metabolism in R.capsulatus and their interaction 
with each other (Ozturk et al., 2006) 
1.3.1 Electron transport chain and hydrogen production in R.capsulatus 
The facultative bacterium, R.capsulatus has only one photosystem (PS), photolysis of 
the water into hydrogen and oxygen is not taking place in this system. In this 
organism, anoxygenic photosynthesis is driven by the cyclic electron transfer 
between the reaction center and the cyt c2 or membrane bound cyt cy (Daldal, 2002). 
The electron donor under anaerobic photosynthetic conditions is simple organic 
acids.  
The oxidation of organic acids under photoheterotrophic conditions results in 
overreduction of ubiquinone pool (Tichi, 2001). For cyclic photosynthesis to take 
place, oxidized ubiquinone is required as electron acceptor. So, a balancing redox 
system is required to oxidize these reduced ubiquinones (Daldal,2002).  
Under the photoheterotropic growth condition, the excess reducing equivalents are 
transferred from electron transfer chain (ETC) via ferrodoxin to nitrogenase enzyme. 
Consumed reduced equivalents are used to generate molecular hydrogen in 
conjuction with the  Calvin- Benson- Bensham (CBB) cycle. Redox balance of the 
cell is achieved by coordinated production of hydrogen with the oxidation of the 
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over-reduced ubiquinones. Membrane associated uptake hydrogenase is also taking 
place in this hydrogen metabolism of R.capsulatus. The uptake hydrogenase is an 
enzyme bound to membrane through the periplasm with cyt b subunit. Cyt b subunit 
is also responsible for the connection between the uptake hydrogenase and the ETC. 
The electrons which are reducing the quinones should be recycled which is crucial 
for R.capsulatus to grow under photoautotrophic conditions. The membrane-
associated uptake hydrogenase is recycling the electrons by splitting the produced 
molecular hydrogen into protons and electrons and conveys the electrons to 
membrane ubiquinone pool (Ozturk, 2006). 
The respiratory electron transfer pathways of R. capsulatus are branched after the 
ubiquinone pool and contain two different terminal oxidases, the cyt cbb3 oxidase 
and the quinol oxidase. The quinol oxidase branch is independent from the cyt cbb3 
oxidase containing branch, and electrons are transferred directly from the ubiquinone 
pool to reduce O2 to H2O (Kaplan,2005). 
In the closely related bacterium Rhodobacter sphaeroides it was shown that the 
electron flow via the cyt cbb3 oxidase branch exhibits extensive regulatory activities 
under both aerobic and anaerobic conditions, via the RegB/RegA (or PrrB/PrrA) 
highly conserved redox-responding global two-component regulatory system 
(Kaplan, 2005). 
1.4 Enzyme Systems for Hydrogen Metabolism in R.capsulatus 
The main enzymes taking place in hydrogen metabolism of R.capsulatus are the 
nitrogenase and the uptake hydrogenase enzymes. 
1.4.1 Nitrogenase 
Most of the anoxygenic phototrophic bacteria conduct very important specialized 
metabolic processes like nitrogen fixation; reduction of N2 to ammonia. Nitrogen 
fixation is catalyzed by the enzyme nitrogenase, whose structure is shown in Figure 
1.3. Four types of nitrogenase systems have been demonstrated to exist in bacteria 
and archea so far. All four types of nitrogenases are different from each other both 
genetically and biochemically. The ―nif‖ gene is the first gene found to be encoding 
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for proteins of nitrogen fixation system. First nitrogenase characterized was 
molybdenum (Mo)-containing nitrogenase. Other types of nitrogenases are different 
from Mo- nitrogenase by their cofactors like vanadium (V)-dependent nitrogenase 
which has a vanadium atom as its cofactor instead of molybdenum (Eady,1996).  
Nitrogenase systems consist of two-component proteins, the dinitrogenase 
component (MoFe protein, VFe protein, FeFe protein) and the dinitrogenase-
reductase component (also termed Fe protein with respect to all three types of 
nitrogenases) (Eady, 1996).  
In R. capsulatus two major clusters of nif genes, coding up to 34 gene products, are 
involved in nitrogen fixation. Non regulatory genes including; a) structural genes 
―nifHDK‖b) MoFe cofactor synthesis genes nifE, nifN, nifX, nifV c) nitrogenase 
MoFe protein component processing genes nifY, nifU,nifS d) Mo processing gene 
nifQ. Three genes with in the two nif clusters are involved in transcriptional 
regulation; nifA1, nifA2, rpoN. Two other loci encode regulatory genes as well; glnB, 
ntrB, ntrC (Kranz,1990). 
 
Figure 1.3. Structure of nitrogenase (Howard J. et al. 2006) 
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1.4.2 Nitrogenase regulation 
In response to environmental oxygen and fixed nitrogen levels most of the free-living 
nitrogen-fixing organisms regulate the synthesis of nitrogenase, whose regulation is 
represented in Figure 1.4, the enzyme which reduces atmospheric nitrogen to 
ammonia; since, the synthesis of nitrogenase requires expression of serial genes, it is 
not economic to produce nitrogenase unless it is needed. In the photosynthetic 
bacterium R. capsulatus, this signal transduction cascade is mediated by the products 
of at least five regulatory genes: glnB, ntrB, ntrC, rpoN, nifAl, and nifA2. In the 
absence of both fixed nitrogen and oxygen, transcription of the genes that are  
encoding the nitrogenase polypeptides (nifHDK) and other nif genes required for the 
synthesis of nitrogenase, is activated by nifAl or nifA2 at promoters recognized by the 
alternative sigma factor RpoN (σ54, ON, or NtrA). 
Induction of nifAl and nifA2 occurs when nitrogen is limited and requires ntrC (nifRl) 
but not rpoN (nifR4). R. capsulatus GlnB is a negative regulator of nif gene 
transcription, since glnB mutants express nitrogenase constitutively although oxygen 
repression is still present. In R. capsulatus, glnB was proposed to be organized in a 
glnBA operon. Expression of a glnBA-lacZ fusion was reduced approximately 50% 
in an ntrC mutant (Kranz, 1990), suggesting that the glnB gene could be regulated by 
the R capsulatus ntrC product by inducing the glnBA gene. 
NtrC is a member of a family of prokaryotic enhancer binding proteins which 
characteristically activate RpoN-dependent promoters. NtrC has three domains; N 
terminal domain is the regulatory domain, the central domain is the ATP binding 
activation domain and the C terminal domain which has a helix-turn-helix DNA 
binding domain binds to DNA over 100 bp upstream of nifA1 and nifA2 promoters. 
Phosphorylation of NtrC results in the activation of nifA1 and nifA2 transcription, so 
the amount of NifA protein increases. NifA protein is an activator of all nif genes 
including nifHDK (Kranz, 1990). 
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Figure 1.4. Schematic representation of levels of nitrogenase regulation (Kranz, 
1990)  
1.4.3 Uptake hydrogenase 
Uptake hydrogenase is an enzyme which catalyzes the oxidation of hydrogen. During 
oxidation of hydrogen molecule electrons are derived from and transferred to 
ferredoxins and cytochromes which are components of electron transport chain. 
Nitrogen fixers like R.capsulatus usually contain uptake hydrogenase that recycle the 
H2 produced by nitrogenase. Some bacteria contain two or more different H2ases. 
The hydrogenases can be classified into three classes according to their catalizers, the 
Fe-H2ases, the Ni- H2ases and the metal- H2ases. The NiFe- H2ases and Fe-H2ases 
are phylogenetically distinct classes of proteins. The R.capsulatus uptake 
hydrogenase belongs to membrane associated respiratory uptake NiFe-hydrogenases. 
They are periplasmically oriented hydrogenases, and are connected to the electron 
transport chain. 
In R.capsulatus, the hup/hyp gene cluster, encoding uptake hydrogenase (H2ase) and 
its regulators, comprises 21 genes; the regulatory genes: hupTUV operon, hupR, 
hupD, hupA and the structural genes: hupSLC. ―hupS‖ is encoding a 34 kDa protein 
and hupL encodes a protein with 65kDa weight and 10 cys residues. These proteins 
share a high order of similarity with the NiFe- hydrogenases. The third gene of 
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hupSLC operon is the hupC gene encoding a cytochrome b which links the 
hydrogenase to the respiratory chain (Ferguson, 2003). 
The X-ray structure of the NiFe-H2ases showed that the two H2ase subunits interact 
extensively through a large contact surface and form a globular heterodimer. The 
bimetallic NiFe center of the active site is located in the large subunit and is deeply 
buried inside the protein. The small subunit contains up to three Fe-S clusters, which 
conduct electrons between the H2 activating center and physiological electron 
acceptor or donor of H2ase. The 4Fe-4S cluster that is proximal to the active site is 
essential to H2 activation in NiFe-H2ases. Hydrophobic channels expanding through 
both subunits linking the active site to the surface of the molecule were suggested to 
facilitate gas access to the active site. H2 oxidation is linked to reduction of various 
electron acceptors such as O2, NO3
-
, SO4
-2
, fumarate or CO2. The electrons from H2 
are transferred to the quinone pool of the membrane via a ―cyt b‖ encoded by the 
third gene of the structural hupSLC operon. This gene is crucial for growth on H2 of 
R.capsulatus cells by photoautotrophy (Ozturk, 2006).  
1.4.4 Regulation of uptake hydrogenase 
Expression of uptake hydrogenase in nitrogen fixing bacteria requires the synthesis 
of the nitrogenase enzyme and  the production of H2 gas by nitrogenase. The control 
on the expression of uptake hydrogenase is at transcriptional level. R. capsulatus 
occupies a protein HupUV hydrogenase which can sense H2 to regulate expression 
through hupSLC operon. The HupUV protein complex can catalyze the hydrogen-
deuterium (H-D) exchange reaction in the presence of D2 gas and was suggested to 
function as a cellular H2 sensor (Vignais et al.,1997). Gene product of hupT and 
response regulator HupR together form HupT-HupR system, which regulates the 
synthesis of HupSL hydrogenase in R.capsulatus (Elsen, 2000).  In the absence of 
H2, by phosphorylating HupR, HupT represses the transcription of hydrogenase 
(hupSL) genes (Dischert, 1999). So; transcription activator HupR protein is 
deactivated, expression of the hupSLC is repressed. 
In addition to specific H2 sensing HupUV regulatory system, in R.capsulatus the 
global RegB/RegA  regulatory system (Figure 1.5), which responds to the redox 
status of the cell, controls the transcription of hydrogenase hupSLC genes and the 
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regulatory nifA gene (Elsen, 2000). The DNA binding site of Reg A regulatory 
protein is overlapping with IHF DNA binding protein which is a transcription 
activator, and when RegA binds to the binding site , RegA prevents both RNA 
polymerase and IHF activator to bind hupSLC promoter. It was demonstared that in 
reg A mutants, hydrogenase synthesis and activity are increased up to six folds 
(Elsen, 2000).  
 
Figure 1.5. Schematic representation of global regulators RegA-RegB and their 
mode of action (Elsen et al. 2000) 
1.5 Metabolic Engineering 
Metabolic engineering is a new discipline accompying modern molecular biology 
tools to improve cellular properties (Sauer, 2001; Çakar, 2009; Alper, 
Stephanopoulos, 2004). Advancements in molecular biology techniques, gives  
researchers the oppurtinity to create any desired phenotype or cellular modification 
(Alper, Stephanopoulos, 2004).  
Most of the cellular phenotypes are controlled by a group of genes, so; cellular 
phenotype reflects global intracellular conditions, not individual gene states. Cellular 
phenotype is the result of global gene expression levels connected to metabolic 
demand, resource availability, and cellular stresses (Çakar et al., 2005). In order to 
create a desired phenotype one or several metabolic pathways should be modified. 
On the experimental side, applications have focused on pathway modifications in 
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(primarily) prokaryotic and eukaryotic systems, and the development of new tools 
for the introduction of genetic controls and assessment of the resulting cell 
physiology (Alper, Stephanopoulos, 2004). Especially with the growing knowledge 
on sequence information as a result of genome projects conducted; as a future aspect, 
the engineering of pathways in strains will be facilitated. 
Metabolic engineering processs includes three main steps which are; (1) identify 
genetic targets, (2) rigorously quantify metabolic phenotype, and (3) understand 
kinetic control in metabolic networks (Sauer, 2001; Alper, Stephanopoulos, 2004).  
To identify genetic targets, which is the basic and most imporant step of metabolic 
engineering, quantitative analysis of transcription patterns characteristic of different 
physiological states (particularly desired states) is quite important. Along with 
expression analysis, characterization of metabolic networks and control elements of 
genes conducting the phenotype will potentially help identify key genetic targets for 
improving biocatalyst phenotype. There holds tremendous promise to not only be 
able to improve cell properties through rational target selection and introduction of 
genetic controls, but also through rapidly developing combinatorial technologies 
such as gene shuffling and directed evolution (Alper, Stephanopoulos, 2004).  
1.5.1 Inverse metabolic engineering 
To overcome limitations of the rational metabolic engineering approach, an 
alternative strategy called ‗inverse metabolic engineering‘ was defined by Bailey as 
―the elucidation of a metabolic engineering strategy by first, identifying, 
constructing, or calculating a desired phenotype; second, determining the genetic or 
the particular environmental factors conferring that phenotype; and third, endowing 
that phenotype on another strain or organism by directed genetic or environmental 
manipulation‖ (Çakar, 2009).  
The advantage of inverse metabolic engineering is basically related to its first step 
where the process starts with a known and desired phenotype. Unlike the classical 
approach, deeper understanding on the metabolic pathway of interest is not required. 
However, the second step, which is the identification of the genetic and 
environmental factors that results in the desired phenotype, is crucial. Today, new 
 
15 
‗omics‘ technologies such as proteomics or transcriptomics used to detect protein 
profile or mRNA profile of cells, can be used to identify phenotype-genotype 
relationships (Çakar, 2009).  
Nowadays, inverse metabolic enginering has a variety of use field covering 
engineering, covering a wide range of interesting studies such as folate production by 
lactic acid bacteria, galactose assimilation pathway analysis to understand the 
metabolic disease galactosemia, phosphagen kinase systems to improve cellular 
energy metabolism, amino acid stabilization for cell-free protein synthesis by E. coli 
genome modification, improvement of galactose uptake in S. cerevisiae and use of 
transcript analysis as an inverse metabolic engineering tool, improvement of xylose 
uptake and ethanol production in S. cerevisiae (Çakar, 2009). 
1.5.2 Evolutionary engineering approach 
The use of evolutionary engineering has proven to be very valuable to obtain 
improved phenotypes of (industrial) microorganisms, such as an expanded substrate 
range, increased stress tolerance, and efficient substrate utilization (Wisselink, 2009; 
Çakar et al, 2005). 
Directed evolution, employed  to improve existing protein functions, can increase the 
expression of specific proteins upto several thousand-folds and also can  add novel 
properties to an enzyme or a protein which does not have naturally. Directed 
evolution has two steps. In the first step; by occupying chemical mutagens or 
radiation, genetic diversity is generated and in the second step by immediate 
selection or screening, selection of mutants only those with a desired functional 
property is achieved. The basic concept of directed evolution is also evident in 
classical, empirical strain development by classical, random mutagenesis and direct 
selection on plates. The most convenient example of directed evolution is 4000-fold 
improvement of penicillin titers via empirical strain improvement (Sauer, 2001; 
Cakar, 2009). 
It is certain that the use of evolutionary principles will play a major role in twenty-
first century biotechnology. The capabilities of directed in vitro evolution will 
eventually extent beyond improving existing properties of proteins or short pathways 
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to the engineering of de novo functions, new pathways, and perhaps even entire 
genomes. However, the problem of phenotypic complexity will shift the limitations 
even more to the available screening or selection procedures. For two primary 
reasons, evolutionary engineering of whole cells offers an interesting alternative. 
First, by continuous evolution using large populations, evolutionary engineering can 
navigate rugged fitness landscapes much more efficiently than can step-wise 
screening or selection procedures. Second, cellular phenotypes depend strongly on 
the environment and appropriate process conditions may be simpler to establish in 
bioreactor systems than in Petri dish- or microtiter plate-based screening or selection 
systems (Alper, Stephanopoulos, 2004).  
The greatest limitation for evolutionary engineering of industrially useful cellular 
phenotypes resides in the contradictory selection demands for such phenotypes. In 
highly engineered production strains, for example, it may not be possible to devise a 
selection scheme for two useful but potentially incompatible phenotypes such as 
overproduction of a metabolite and high efficiency of growth. In such cases, both 
direct evolution and evolutionary engineering approaches are envisioned to become 
components in effective metabolic engineering (Çakar, 2009). 
1.6 Mutation 
Mutations are double-edged sword, although; they are the ultimate source of all 
genetic variation upon which any evolutionary process depends; still most of the 
mutations are detrimental (Sauer, 2001). The effects of mutations can be broadly 
divided into three categories. First, there are mutations that are harmful to the fitness 
of their host; these mutations generally either reduce survival or fertility. Second, 
there are ‗neutral‘ mutations, which have little or no effect on fitness. Finally, there 
are advantageous mutations, which increase fitness by allowing organisms to adapt 
to their environment (Eyre-Walker, Keightley; 2007).  
 
As a consequence of detrimental effects that most mutations possess, organisms have 
evolved mechanisms to keep their mutation rates as low as possible. However, 
during adverse conditions, in order to increase possibilty of survival or proliferation, 
genetic variation should be increased. With this aim of increasing genetic variation, a 
transient increase in mutation rate would be particularly advantageous because then 
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survivors would not continue to be burdened with a high mutation rate (Foster, 
2004). 
The vast majority of mutations either have no apparent effect or are harmful, and so 
the rate of mutagenesis has to be appropriately tuned to promote valuble mutants 
through an evolutionary process. Spontaneous mutations in microbial populations 
occur much less frequently than in viruses – generally at about 0.003-point mutations 
per genome (independent of its size) and round of replication (Sauer, 2001).   
Notable exceptions are the so-called hyper-mutable genes in pathogenic organisms 
that are prone to mutation through various specific mechanisms. At first glance, 
accelerated generation of variation, or an increase in the population size for that 
matter, thus appears to be advantageous for practical application of continuous 
evolution. In asexual populations, however, higher mutation rates need not accelerate 
the pace of evolutionary adaptation, which is the underlying principle of selection for 
new or improved phenotypes (Tenaillon et al., 2004). 
 
Figure 1.6. Constitutive mutations taking place in microbial populations under 
normal conditions are less frequent when compared to stress- induced 
mutations. The mutants isolated from nature are mostly generated by 
constitutive mutations but not the stress- induced mutations (Tenaillon 
et al., 2004).  
Examples are populations in which two different lineages of beneficial mutations 
interfere with one another‘s spread (Figure 1.6). Because the two mutations cannot 
be combined into the same lineage without recombination, such clonal interference 
imposes a speed limit on adaptive evolution. In small or initially well-adapted 
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populations that spend long times waiting for beneficial mutations, on the other hand, 
an increase in the mutation rate may effectively accelerate the evolutionary process. 
Mutability is genetically determined like any other property; hence mutability itself 
can be affected by environmental conditions (Sauer, 2001). 
1.6.1 Physiologically enhanced spontaneous mutagenesis 
Different stresses, such as starvation, oxidation or UV irradiation, can increase the 
mutation rates of bacteria. Mutations can result from the direct alteration of the DNA 
molecule under stress conditions or from a genetic program that is induced under 
stress (Tenaillon, 2004). 
Spontaneous alterations in the inheritable genetic sequence may result from a serious 
of causes and mechanisms (Figure 1.7) that can be grouped into three categories – (i) 
small local changes, (ii) DNA rearrangements, and (iii) horizontal DNA transfer 
(Eyre-Walker, Keightley; 2007). While the overall rate of spontaneous mutagenesis 
is usually rather stable and low, it may rise considerably under certain circumstances 
and modulation of environmental conditions provides a convenient means to 
accelerate this rate. For example, the global rate of mutagenesis in a population 
increases during adverse environmental conditions, for instance metabolic stress or 
stationary phase. Such environmental stimuli induce enzyme systems, mostly DNA 
polymerases that are designed to generate mutations, such as the SOS DNA repair 
system. Unlike the replicative DNA polymerases, which faithfully copy DNA 
sequences, these polymerases introduce errors at high rates, thereby increasing the 
genetic diversity and adaptation potential of the endangered population (Sauer, 
2001). 
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Figure 1.7. Schematic representation of molecular mechanisms associated with 
stress-induced mutagenesis (Tenaillon, 2004) 
1- Miscoding DNA due to chemical mutation, 2- Environmental agent defecting anti-
mutagenic mechanism, 3- DNA lesion inhibits DNA polymerase, activates SOS 
repair mechanism, 4-  Induction of RpoS regulon by a variety of stress conditions a) 
Whether error prone DNA polymerase is activated or b) mutation rate is increased,  
5- Stress induces the mobility of transposons and increases mutation rate. 
Less well recognized is the fact that glucose repression may also reduce spontaneous 
mutagenesis, as the rate at which spontaneous E. coli mutants occur is several-fold 
lower on glucose than, for example, on glycerol. While such environmental factors 
can accelerate the rate of mutagenesis, they will inevitably also influence the process 
of selection (Sauer, 2001). 
1.6.2 Chemical or radiation induced mutagenesis  
Induction of chemical mutagenesis by chemicals is a frequently used method, 
because chemical mutagenesis can be applied easily to almost every organism. Most 
chemical mutagens causes certain types of mutations such as exchange of specific 
nucleotides or frame-shifts, but many, including ethyl methane sulfonate (EMS), can 
also induce deletions (Rainey, Tabita; 1989). For example, 13% of the EMS-induced 
mutations in Caenorhabditis elegans are reported to be DNA rearrangements, and 
most of these are deletions with an average size of 1300 bp (Sauer, 2001). The use of 
nitroso-methyl guanidine (NTG), on the other hand, typically results in linked 
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mutations in one clone due to its specificity for mutating DNA at the replication fork 
(Rainey, Tabita, 1989; Sauer, 2001).  
Mutagens have specificity to target which means a given mutagenic treatment 
preferentially mutates certain parts of the genome. Thus, it is better to change 
mutagens periodically when the mutagen is used repetitively, to take advantage of 
their different mechanisms of action. The preferred mutagens for most applications 
are far UV, EMS, and NTG, because they induce a great variety of molecular 
alterations with no apparent specificity for genomic sub-regions (Çakar et al., 2009).  
For efficient evolutionary engineering, mutagenic treatment with an optimum dose of 
mutagen is particularly critical when performing successive rounds of mutagenesis 
and selection. While the primary requirement is to increase the proportion of mutants 
in the surviving population, the optimum dose yields the highest proportion of 
desirable mutants. Although the optimum dose may be difficult to estimate for 
phenotypes which are not clear, related but easily detectable phenotypes may be used 
to help determine the optimum range. Suboptimal mutagen doses will create less 
diversity; overdoses of mutagens will simply kill the cells. Moreover, dosages 
slightly above the optimum increase the frequency of potentially harmful mutations; 
so, these harmful mutations can incorporate into the selected mutants (Sauer, 2001). 
1.7 Global Stress Response in Bacteria 
Stress is a disturbance of the normal functioning of a biological system that is 
provoked by environmental factors, the amplitude of which cause reduced growth 
rate or increased mortality ( Tenaillon, 2004).  
When bacteria enter the stationary phase of growth, a set of genes is induced by the 
activation of an alternative sigma factor, RpoS (σ38) that directs RNA polymerase to 
their promoters. RpoS activity is also triggered by other stress conditions that have 
the common property of stopping growth. There are more than 70 genes in the RpoS 
regulon, and most of them encode proteins that help the cell survive the insults 
encountered by non-growing cells. Thus, RpoS is considered to be a master regulator 
of a general stress response (Sauer, 2001; Rosen, Ron, 2002; Chhabra, 2007).  
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Recently it is discovered that Pol IV (error-prone DNA polymerase) is induced in 
late stationary-phase cells under positive control of RpoS; after induction, high levels 
of the protein are maintained for at least 3 days of continued starvation. This RpoS-
dependent induction of Pol IV is independent of LexA inactivation. Other 
researchers have shown that the dinB gene is transcribed in a 5-day-old culture. Thus, 
in starving cells, Pol IV may reach levels that make it the dominant DNA 
polymerase, increasing the error rate of any DNA synthesis that takes place. 
Mismatch repair is a crucial component of genomic integrity (Hecker, 1997; Fiocco 
et al., 2007).  
Mismatch repair proteins are searching for newly synthesized DNA and correct the 
mismatched nucleotides before they become mutations.  Mismatch repair also 
inhibits recombination between diverged DNA, insuring that species integrity is 
maintained. In E. coli key components of mismatch repair, particularly MutS (but not 
MutL), are down-regulated in stationary-phase cells under control of RpoS. Although 
mismatch repair is still active during starvation, certain cells in a starving population 
may have such low levels of the mismatch repair proteins that DNA polymerase 
errors are preserved. In addition, in cells without mismatch repair interspecies 
recombination would be enhanced, providing another source of genetic variation 
(Fiocco et al., 2007). 
1.7.1 Heat shock response in bacteria 
The heat-shock response is a cellular protective and homeostatic response to cope 
with stress-induced damage in proteins. Change in expression level of many proteins, 
Heat shock proteins (Hsps), is a character of heat shock response almost in all kind 
of organisms starting from bacteria up to human beings. Same proteins are induced 
when other stress conditions such as heavy metal stress and ethanol stress which 
shows that heat shock proteins are not just responsible with heat shock response but 
they are global stress response proteins. Hsps can be classified as chaperons, 
proteases, and regulatory factors according to their functions in heat shock response. 
This protein family is characterized by the following criteria: (i) a molecular mass 
typically between 12 and 30 kDa; (ii) a conserved central domain, referred to as the 
alpha-crystallin domain; (iii) formation of large oligomeric complexes, ranging from 
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150 to 800 kDa; (iv)ATP-independent chaperone activity (Segal, Ron, 2000; Yura, 
Nakagishi, 2000). 
The organism whose heat shock response is understood best is E.coli. In E.coli, heat 
shock operons have their own heat shock promoters which are recognized by the heat 
shock sigma factor sigma 32 (σ32). Similar to E.coli, phylogenetic groups of γ2 and 
γ3 purple bacteria are unique in that their heat shock response is controlled all by σ32 
transcription factor and there are no other controls on heat shock response, the 
mechanism of E.coli heat shock response is shown in Figure 1.8 (Yura, Nakagishi; 
2000). 
When the temperature is elevated dramatically, rpoH gene encoding σ32 is induced, 
and the transcripts of rpoH which are inactive at optimal temperature are activated 
due to conformation change of the transcripts at high temperatures. Not only the 
expression of σ32 is enhanced but also the stability of the σ32 increases due to the 
unfolded proteins formed by heat denaturation. Unfolded proteins sequester σ32 
from chaperones (Yura, Nakagishi; 2000). 
 
Figure 1.8. Schematic representation of heat shock response in E.coli (Yura, 
Nakagishi; 2000) 
The heat shock response in α proteobacteria is different from E.coli and it occupies 
combination of two regulators: a positive regulator, RpoH (σ32 homolog), found in 
the α, β, and γ proteobacteria, and a negative regulator, HrcA. 
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The control of the heat-shock response in alpha proteobacteria is the existence of an 
inverted repeat (TTAGCACTC-N9-GAGTGCTAA) located at the upstream 
regulatory region of heat-shock operons, known as CIRCE shown in Figure 1.9. 
CIRCE is the binding site for the HrcA repressor. HrcA is a stress sensor protein 
whose activity is controlled by GroEL chaperone (Segal; Ron, 2000, Nakagishi et al., 
1999). 
 
Figure 1.9. Schematic representation of repressor binding CIRCE sequence (Segal, 
Ron, 2000) 
Authors of the article (Nakgahishi et al., 1999) promote different mutants of 
Agrobacterium tumefaciens which is an α proteobacteria like R.capsulatus. The 
mutants are lacking the rpoH and hrcA which are controllers of the heat shock 
response in this organism. With these mutants they show that rpoH crucial for Hsp to 
be expressed; however, the HrcA is important only for repression of groE expression 
under normal temperature (Nepple,Bachofen,1997; Segal; Ron, 2000; Nakagishi et 
al., 1999). 
In Lee et al. paper, they analyzed the expression level of groESL operons which is 
found there are two of them in R. sphaerodies. In heat shock condition at 40
o
C, the 
expression of these genes elevated to 13 times than the normal conditions. They also 
tried to promote deletion mutants of these genes, however; they couldn‘t manage to 
promote the deletion mutant of groESL1 gene from which they come out with the 
idea that this gene is crucial for the growth.  When they delete the groESL2 gene 
they couldn‘t find any change in the phenotype. Other outcome of this paper is that 
under photosynthetic conditions groESL expression is almost none. Also; a study of 
groE genes showed that one of these chaperonins (groESL3) is especially expressed 
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in nitrogen fixation conditions (Segal, Ron, 2000; Lee et al, 1996; Nepple,Bachofen; 
1997). 
1.7.2 Cold shock response in bacteria 
When living cells are exposed to a temperature lower than optimum growth 
temperature, they undergo important physiological changes such as a decrease in 
membrane fluidity and a stabilization of secondary structures of RNA and DNA 
resulting in a decrease in effeciency of translation, transcription and DNA 
replication. To overcome these effects, microorganisms have developed a transient 
adaptive response, termed the cold-shock response, during which a number of cold-
induced proteins (CIPs) are synthesized in order to maintain (i) membrane fluidity by 
increasing the proportion of shorter and/or unsaturated fatty acids in the lipids, (ii) 
DNA supercoiling by reducing the negative supercoiling, and (iii) transcription and 
translation needed for cellular adaptation to low temperature (El-sharoud, Graumann, 
2006; Weber et al. 2001, Guchte et al. 2002) .  
The most strongly induced proteins include a family of closely related low-molecular 
weight (~7.5 kDa) proteins termed cold-shock proteins (Csp). These proteins share a 
high degree of sequence identity (>45%) and orthologs have been found in multiple 
copies (from two to nine) in many Gram-positive and Gram negative bacteria. The 
Csps are expressed at different growth conditions. In E. coli four of the nine Csp 
proteins are cold inducible. Cold induced csp genes have an unusually long 5‘ 
untranslated region (5‘-UTR) which, in the case of E. coli cspA, plays a role in 
mRNA stability and translation efficiency (Weber et al. 2001).  
Cold induction of Csp proteins is complex but appears to be controlled mainly at the 
post-transcriptional level. Single deletions of B. subtilis and E. coli cold-induced csp 
genes caused no distinct phenotype at either normal or low temperature. However, 
the level of remaining CSPs increased suggesting that CSPs can compensate the loss 
of each other. Furthermore, multiple deletion analysis showed that at least one CSP is 
required for the viability of B. subtilis indicating that CSPs play an important role, 
not only during cold-shock adaptation but also during active growth (Mascarenhas et 
al. 2001).  
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Csp proteins are β-barrel proteins with two RNA-binding motifs, able to bind to 
single-stranded DNA and to RNA with little specificity and to destabilize secondary 
RNA structure. Thereby, Csps have been proposed to act as RNA chaperones to 
facilitate transcription and translation at low temperature by preventing formation of 
mRNA secondary structures. Although E. coli Csps were shown to act as 
transcription antiterminators of cold induced genes, B. subtilis Csps were found to 
colocalize with ribosomes at cellular sites of translation suggesting that Csps might 
also be involved in translation (Mascarenhas et al. 2001). Very recently, Marahiel 
and co-workers have proposed that B. subtilis Csps may act as alternative translation 
initiation factors (Guchte et al. 2002). 
1.8 Proteomics-General Information 
The term ―proteomics‖ was first stated in 1995 by Marc Wilkins and colleagues and 
was defined as the large-scale characterization of the entire protein complement of a 
cell line, tissue, or organism (Graves, Haystead, 2002; Liebler, 2002).  
Until the mid-1990s, scientists studied individual genes and proteins. The techniques 
such as Northern blots (for gene expression) and Western blots (for protein levels) 
made protein studies with analyses that have a genetic read out such as mRNA 
analysis, genomics, and the yeast two-hybrid analysis. The proteome of a cell reflects 
the immediate environment of the cell in which it is studied. In response to internal 
or external conditions, proteins can be modified by posttranslational modifications, 
can be translocated to other cellular compartments, or be synthesized or degraded 
(Graves, Haystead, 2002; Liebler, 2002).   
There is an other term ―protein chemistry‖ which is usally be conflicted to 
―proteomics‖. The difference between this two terms are not easy to understand. 
―Protein chemistry‖ involves the study of protein structure and function and is most 
commonly manifest in the fields of physical biochemistry or enzymology. Protein 
chemistry often uses complete sequence analysis, structure determination, and 
modeling studies to explore how structure governs function. On the other hand; 
―Proteomics‖ is the study of multiprotein systems, in which the focus is on the roles 
of distinct proteins as a part of a sysytem or protein network. Proteomic analyses are 
done at total protein complement of an organism, cell line or tissue and identification 
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is not by complete sequence analysis, but instead by partial sequence analysis with 
the aid of database matching tools (Liebler, 2002). 
There are four main tools that proteomics occupies to get information of protein 
states of a sample. These are; database, mass spectrometry (MS), software that can 
emerge MS data to database information, analytic protein seperation tool. Protein and 
complete genomesequence databases collectively provide a complete catalog of all 
proteins expressed in organisms whose genome has already been sequenced. The 
second tool is MS. MS instrumentation can reliably analyze biomolecules, 
particularly proteins and peptides. The third essential tool for proteomics is an 
emerging collection of software that can match MS data with specific protein 
sequences in databases. The fourth essential tool in proteomics is analytical protein-
separation technology (Graves, Haystead, 2002; Liebler, 2002). 
The first protein studies started with the introduction of the two-dimensional (2-D) 
gel by O‘Farrell, Klose, and Scheele, who began mapping proteins from E. coli, 
mouse, and guinea pig, in 1975. Although the development of 2-D gel was a major 
step, since there is not any identification method for proteins mapped with 2-D gel, 
the science of proteomics would have to wait. The lack of sensitive protein 
sequencing technology is one of the major problems faced by researchers. The first 
major technology to emerge for the identification of proteins was the sequencing of 
proteins by Edman degradation. A major breakthrough was the development of 
microsequencing techniques for electroblotted proteins. This technique was used for 
the identification of proteins from 2-D gels to create the first 2-D databases (Graves, 
Haystead, 2002). 
One of the most important developments in protein identification has been the 
development of MS technology. In the last decade, the sensitivity of analysis and 
accuracy of results for protein identification by MS have increased by several orders 
of magnitude. Because MS is more sensitive, can tolerate protein mixtures, and is 
amenable to high-throughput operations, it has essentially replaced Edman 
sequencing as the protein identification tool of choice (Graves, Haystead, 2002). 
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1.8.1 Reasons to use proteomics 
The major reason for using proteomics as a tool is that many types of information 
cannot be obtained by studying only genome; for example, not the genes but the 
proteins are responsible for phenotype. It would be impossible for a researcher to 
study effects of environment and any disease mechanism solely studying by genome  
(Brotz et al., 2004).  
Proteomics can be used to study protein expression. Although there are mRNA based 
methods (such as SAGE and Microarray) to study protein expression, analysis of 
mRNA is not a direct reflection of protein content in the cell, correlation between 
mRNA level and protein amount is quite poor. Posttranscriptional control of mRNA 
like splicing and mRNA editing increases the number of proteins synthesized from 
the same template mRNA. In addition, the proteins formed from the same mRNA are 
subjected to posttranslational modification that the number of proteins synthesized 
from one mRNA increases and makes the expression analysis through mRNA 
analysis quite difficult. The number of average proteins synthesized from one mRNA 
is one in bacteria, two in yeast and three or even more in humans. Therefore with the 
increase in complexity of the organism, the correlation between the mRNA level and 
protein level gets even poorer (Graves, Haystead, 2002; Delahunty, Yates, 2005; 
Brotz et al., 2004; Liebler, 2002).  
In current practice, proteomics encompasses four principal applications. These are: 
1) protein mining, 2) protein-expression profiling, 3) protein-network mapping, and 
4) mapping of protein modifications. 
Mining is simply the exercise of identifying all (or as many as possible) of the 
proteins in a sample. The point of mining is to catalog the proteome directly, rather 
than to infer the composition of the proteome from expression data for genes (e.g., by 
microarrays). Mining is the ultimate brute-force exercise in proteomics: one simply 
resolves proteins to the greatest extent possible and then uses MS and associated 
database and software tools to identify what is found (Liebler, 2002; Brotz et al., 
2004). 
Protein-expression profiling is the identification of proteins in a particular sample as 
a function of a particular state of the organism or cell (e.g., differentiation, 
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developmental state, or disease state) or as a function of exposure to a drug, 
chemical, or physical stimulus. Expression profiling is actually a specialized form of 
mining. It is most commonly practiced as a differential analysis, in which two states 
of a particular system are compared. For example, normal and diseased cells or 
tissues can be compared to determine which proteins are expressed differently in one 
state compared to the other. This information has tremendous appeal as a means of 
detecting potential targets for drug therapy in disease (Liebler, 2002; Delahunty, 
Yates, 2005). 
Protein-network mapping is the proteomics approach to determining how proteins 
interact with each other in living systems. Most proteins carry out their functions in 
close association with other proteins. It is these interactions that determine the 
functions of protein functional networks, such as signal-transduction cascades and 
complex biosynthetic or degradation pathways (Liebler, 2002; Graves, Haystead, 
2002). 
Mapping of protein modifications is the task of identifying how and where proteins 
are modified. Many common posttranslational modifications govern the targeting, 
structure, function, and turnover of proteins. In addition, many environmental 
chemicals, drugs, and endogenous chemicals give rise to reactive electrophiles that 
modify proteins. A variety of analytical tools have been developed to identify 
modified proteins and the nature of the modifications. Modified proteins can be 
detected with antibodies (e.g., for specific phosphorylated amino acid residues), but 
the precise sequence sites of a specific modification often are not known. Proteomics 
approaches offer the best means of establishing both the nature and sequence 
specificity of posttranslational modifications. The extension of this approach to 
simultaneous characterization of the modification status of regulated proteins in a 
network again represents a powerful extension of proteomics technology. Proteomics 
is the most powerful tool for protein-protein interactions to unveil (Liebler, 2002, 
Graves, Haystead, 2002; Brotz et al., 2004). 
1.8.2 Importance of bacterial proteomics 
Compared to eukaryotic cells, bacteria are great model organisms to study regulatory 
networks, protein function, and even cell differentiation, because their genomes are 
relatively small and adaptation processes are less complex and involve smaller 
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numbers of proteins (Brotz et al. 2004). A number of bacteria can easily be modified 
genetically and are thus excellent models to study protein function. In addition, 
bacteria are commonly used in different industries such as food industry along with  
use in biotechnology. In both areas, it is desirable to understand bacterial metabolism 
in order to optimize production yields and quality (Delahunty, Yates, 2005). 
The capability to grow many bacterial species in well-defined artificial culture media 
has been a prerequisite for current understanding of bacterial physiology. Very often, 
those culture media provide cockaigne-like growth conditions that allow for a 
maximal, logarithmic bacterial growth behavior until some components of the 
medium become limited and logarithmic growth ceases. Under such optimal 
conditions, the protein composition of the cell is usually quite constant and tuned to 
support the special conditions of fast growth as, for example, support of several 
DNA-replication forks within a single cell and maximal protein biosynthesis. 
However, outside the laboratory, bacteria face much less supportive and highly 
variable growth conditions with respect to temperature, pH, osmolarity, nutrient 
availability, host interactions, etc (Brotz et al., 2004; Sauer, 2001).  
A large number of external and internal signal molecules and signal transduction 
processes are present in bacteria to adapt their protein composition to give a response 
(mostly adaptation to stress) to the changing enviromental conditions. Several of the 
environmental challenges are experienced by many bacterial species, and they are 
met by conserved or similar response mechanisms. However, it should be clear from 
the foregoing that the majority of the reactions are rather species-specific, and 
depend on the environmental factors and optimal growth preferences of the species. 
Proteomics technologies appear to be the natural tools to study the consequences of 
those regulatory processes on protein composition (Brotz et al., 2004; Delahunty, 
Yates, 2005). So; the use proteomics and tools of proteomics to study bacterial 
responses to changing environments is quite useful.  
1.8.3 Proteome, stress response interaction 
Stimulon is the xpression used for all proteins whose expression changed in response 
to a particular stimulus. For example, all proteins that are up- or down-regulated after 
a shift to high growth temperature belong to the heat-shock stimulon. The term 
 
30 
stimulon describes the changes in protein expression on a phenotypic level, and does 
not provide any information on the underlying transcriptional regulation. A 
‗‗regulon,‘‘ on the other hand, consists of proteins that are under the control of the 
same global transcriptional regulator. Even in bacteria, the least complex organisms, 
a stimulon usually consists of more than one regulon, demonstrating the complexity 
of regulation required for adaptation. As an example; heat shock stimulon in 
B.subtilis occupies three regulons: (1) class I heat shock proteins under the control of 
the global repressor HrcA including the chaperones of the GroEL and DnaK 
machines, (2) class III heat-shock proteins under the control of the global regulator 
CtsR, and (3) the general stress proteins that depend on the alternative sigma factor 
sB for transcription. In addition, a fourth class contains further heat-responsive 
proteins that could not yet be assigned to any regulon (Brotz et al., 2004). 
Some proteomic signatures published previously for E.coli (VanBogelen, Neidhardt, 
1990; VanBogelen et al., 1999) are particularly illustrative to describe how that 
concept can be applied to studies on bacterial physiology in the presence of external 
stress factors, including antibiotic treatment. In those studies, a clear correlation was 
demonstrated between the proteomic signatures for growth at high and low 
temperature on one hand, and the changes in protein expression profiles in response 
to antibiotic inhibition of ribosomal function on the other hand. Between 23 and 
37°C, protein expression profiles do not show specific signatures for growth 
temperature. Outside of that range, however, there are protein subsets characteristic 
for growth at low and high temperature. Amount of some proteins changes gradually 
with increasing or decreasing temperature. Other proteins are regulated in an on/off 
fashion, and are highly induced specifically at either high or low growth temperature. 
At high temperature, the folding of newly synthesized proteins is impaired, resulting 
in misfolded proteins that induces expression of chaperones and proteases. In 
contrast, at low temperature the proteins involved in the translation process 
(ribosomal proteins and elongation factors) are induced in addition to the specific 
cold-shock proteins, suggesting that under this condition translation is the rate-
limiting step for growth of E. coli. The ribosome is also the target of many antibiotics 
that interfere with translation via different molecular mechanisms of action and their 
effects on the proteome overlap with the signatures for growth temperature. When B. 
subtilis is treated with kanamycin or streptomycin, chaperons and proteases are 
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induced as in E. coli, but in contrast to E. coli the stringent response is not triggered 
by those antibiotics. Similarly, treatment of B. subtilis with tetracycline, 
chloramphenicol, erythromycin, and fusidic acid leads to an induction of proteins, 
forming the translation apparatus; however in contrast to E. coli cold shock proteins 
are not induced. For a given cell, it is crucial for survival to quickly adjust its protein 
composition and the activity of individual proteins in order to meet the challenges of 
ever-changing growth conditions. That adaptation is mediated on a number of levels: 
transcriptional, post-transcriptional, and translational regulation; protein stability also 
effects protein levels (the amount of protein present under a given condition at a 
certain time point), whereas posttranslational modification is often a means of 
regulating protein activity. The set of proteins that is newly synthesized by an 
organism can change dramatically in response to modifications in growth conditions 
or environmental-stress factors. When confronted with a new situation, the cell 
dedicates a large proportion of its translation capacity to the de novo synthesis of 
proteins needed at higher levels to adequately meet the challenges posed upon it 
(Brotz et al., 2004). 
1.8.4 Mass Spectrometry 
High-throughput (HTP) proteomics aims to study dynamically changing proteins 
expressed by a whole organism, specific tissue or cellular compartment under certain 
conditions. Consequently, two main goals of proteomics research are to identify 
proteins derived from complex mixtures extracted from cells and to quantify 
expression levels of those identified proteins (Kolker et al., 2006). 
High physico-chemical variability shown by proteins makes determination of protein 
composition in a sample, a complex analytical problem. This problem is solved by 
the separation of the complex protein mixture followed by identification. The end 
result will be the protein composition of investigated sample. In addition, samples 
can be compared with each other, resulting in a differential display of the present 
protein when a quantification technology is implemented in the profiling proteomics 
strategy. Regardless of separation method used, mass spectrometry (MS) plays a 
critical role (Griffits, Wang, 2009; Delahunty, Yates, 2005). 
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A mass spectrometer, often called as ―mass spec‖, is a complex instrument used to 
obtain the mass of small molecules including: polymers, proteins, peptides, and 
organic compounds, among. To do this molecules are ionized and then introduced 
into an electrical field where they are sorted by their mass to charge ratio (m/z). 
There are many different ways to ionize the sample, two of the most common are 
MALDI (Matrix-assisted laser desorption/ionization) and electrospray ionization 
(ESI) (Griffits, Wang, 2009; Kolker et al.,2006).  
In MALDI, shown in Figure 1.10 (A), a laser is used to ionize and vaporize a small 
amount of sample, which is then drawn into the mass spectrometer for analysis. On 
the other hand; in ESI, shown in figure Figure1.10 (B), a stream of liquid containing 
the sample is ionized by applying an electrical charge to it. This creates a stream of 
ions which repel each other upon exiting the capillary tubing creating a fine plume of 
ions which is then drawn into the mass spectrometer for analysis (Griffits, Wang, 
2009; Kolker et al.,2006) . 
 
Figure 1.10. Schematic representation of different ionization methods; MALDI 
ionization (A) ESI ionization (B) retrieved from 
http://masspec.scripps.edu 
Following ionization, ions pass into the mass spectrometer and the are sorted into 
component parts by the mass over charge ratio (m/z). One common component used 
to sort ions is the quadrupole. This consists of 2 pairs of charged rods. There is an 
electrical potential between each pair of rods which draws the ions towards one rod. 
The polarity of this electrical field is oscillated rapidly, which causes the ions travel 
through the quadrupole in a spiral trajectory. Each oscillation frequency allows ions 
with a particular m/z to pass through, while the other ions crash into the poles and 
lose their charge, or are ejected from the quadrupole. By varying the oscillation 
frequency ions with different m/z ratios will get through. The number of ions passing 
through at any given frequency is measured by the mass spectrometer‘s detector and 
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a graph of intensity vs. m/z is created from this data. This is referred to as an MS 
Spectra which is shown in Figure 1.11 (Jemal,2000; Griffits, Wang, 2009; Kolker et 
al.,2006).  
 
Figure 1.11. An example of  MS Spectra retrieved from 
http://www.proteomecenter.org 
Another component used to filter ions is the ion trap. In an ion trap; ions are 
collected and held either in a 3-dimensional space or a 2-dimentional plane. Once a 
certain number of ions have been collected, or after a set time, the ions are ejected 
from the trap. This ejection voltage is ramped in a way that allows different m/z ions 
to be ejected at slightly different times. This time difference creates an MS Spectra. 
Because a greater number of ions is collected, this method typically has a higher 
sensitivity than using a quadrupole mass filter represented in Figure 1.12 (Delahunty, 
Yates, 2005; Kolker et al., 2006; Griffits, Wang, 2009). 
Another common method of sorting ions is the Time-of- Flight or TOF analyzer. In 
this analyzer ions are collected in a similar manner to an ion trap, and then 
accelerated with one push into an empty chamber with an electrical field in it. The 
chamber is at a very low pressure, usually about 1*10
-7
 torr, this allows the ions to fly 
freely with few collisions with other molecules. The ions are reflected by the 
electrical field (ion mirror) into a detector. Due to retention of ions with larger m/z 
ratio, these ions travels the electrical field longer that they arrive to the detector later, 
allowing for the creation of a MS Spectra. Because of the way the ions are sorted, 
this method of analysis has high mass accuracy (Delahunty, Yates, 2005; Griffits, 
Wang, 2009).  
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Figure 1.12. Schematic representation of quadrupole mass analyzer, and motion of 
ionized particles through it, retrieved from 
http://www.proteomecenter.org 
Mass spectrometry-based methods for the identification of proteins have become a 
standard platform in proteomics. The most popular MS-based strategies rely on 
proteolytic digestion of proteins into peptides before introduction into the mass 
spectrometer. Digestion of proteins into similar sized peptides helps to overcome the 
solubility and handling problems associated with proteins and creates peptide 
fragments which are easily ionized in the mass spectrometer. Peptide ions are first  
measured as intact fragment ions, then selected based on their m/z and subject to 
collisionally induced dissociation (CID) in a process known as tandem  mass 
spectrometry (MS/MS) . One of the greatest strengths of tandem mass spectrometry 
for protein identification is the inherent ability to sequence peptides directly from 
mixtures. Thus, mass spectrometry allows the direct identification of the individual 
constituents of protein complexes involved in a wide range of physiological 
functions. However, if the mixture of peptides is highly complex, it is advantageous 
to use a separation step prior to analysis to limit the number of peptides the mass 
spectrometer sees over the time of the analysis (Kolker et al, 2006). 
In the case of complex protein mixtures, prefractionation techniques are often used 
before further protein characterization, including ion-exchange, hydrophobic 
interaction chromatography and affinity chromatography. After the prefractionation 
of such samples, collected fractions can be further separated and analyzed by 
LC/MS.  
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Availability of improved stationary-phase materials and hardware has greatly 
improved the performance of LC systems for proteinpurification. Although HPLC of 
intact proteins has not become a widely used technique for analytical proteomics, it 
is nevertheless highly applicable as an initial step to fractionate protein mixtures. 
Diverse chromatographic separations are available, including RP, anion and cation 
exchange, size exclusion, and affinity chromatography. The latter is particularly 
attractive as a means of pulling a subset of proteins from a complex mixture.  
HPLC would appear to be about as useful as preparative IEF for resolving protein 
mixtures into fractions. The advantage of HPLC is the diversity of separation modes 
available. Indeed, tandem HPLC separations combine two different types of 
chromatography. For example, strong cation exchange, followed by RP, would apply 
two completely different separation modes. As we will discuss regarding the HPLC 
of peptides, ion exchange can be coupled in series to RP chromatography to achieve 
highly effective tandem LC separations. 
Certainly the most widely used approach to analysis of peptide mixtures is HPLC. As 
noted earlier in the discussion of separations of intact proteins, the diversity of 
stationary phases and separation modes gives HPLC considerable resolving power. 
The combination of HPLC separation modes is one of the most effective tools in 
analytical proteomics. The use of combined separation modes in series is referred to 
as ―tandem HPLC.‖ The idea behind tandem LC is that the combination of dissimilar 
separation modes allows a greater resolution of peptides in a mixture. Consider the 
major HPLC separation modes and the characteristics that dictate separation. 
• RP: hydrophobicity 
• Strong cation exchange: net positive charge 
• Strong anion exchange: net negative charge 
• Size exclusion: peptide size/molecular weight 
• Affinity: interaction with specific functional groups 
Of the separation modes listed here, all but size exclusion are likely to be useful for 
peptide separations. The resolving power of available size-exclusion media is not 
sufficient to separate peptides in the molecular-weight range that results from 
proteolytic digests. John Yates and colleagues have effectively exploited tandem LC-
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MS to analyze complex peptide mixtures. Their approach employed microcapillary 
columns linked in series and eluted directly into the mass spectrometer They coined 
the term ―MudPIT‖ (Multidimensional Protein Identification Technique) to describe 
the approach. Peptides are first applied to a strong cation exchange (SCX) column, 
which serves as the ―front end‖ of the system Peptides adsorb to the SCX column 
with affinities that are proportional to the overall number of positive charges (e.g., 
ionized nitrogens) on each peptide. The peptides are eluted by a step gradient of 
increasing salt concentration. Each step releases a group of peptides, which then pass 
on the RP column, which is downstream of the SCX column. 
Each peptide group then is separated by a RP-HPLC gradient, which resolves the 
peptides on the basis of their hydrophobicity. From the RP column, the peptides pass 
directly into the MS instrument foranalysis. After the RP gradient is complete, the 
next step of the salt gradient releases more peptides from the SCX column, which 
then are further resolved by the RP column prior to passage into the MS. This cycle 
is continued until all of the peptides have been eluted from the SCX column 
(Kolker,2006; Delahunty, Yates, 2005; Griffits, Wang, 2009). 
1.9 Aim of the Study 
Hydrogen production through R. capsulatus can be achieved with either indoor 
(controlled) or outdoor photobioreactors. Using outdoor photobioreactors leads to 
temperature fluctuations during day and temperature control in these outdoor reactors 
is quite difficult. When the system is hit by direct sun light, temperature of the 
system gets elevated up to levels which is lethal to organism, and hydrogen 
production is also affected negatively. In order to solve this problem, heat adapted 
strains of R. capsulatus are needed. During the process of this thesis, by using 
evolutionary engineering approach, temperature resistant (up to 42°C) mutants were 
desired to be generated.  
Also, for further metabolic engineering of R.capsulatus to increase the amount of 
hydrogen produced by this organism, it is expected to find new target genes to 
promote side directed mutations. For this reason, global protein expression of 
R.capsulatus samples, that were grown under photoheterotrophic conditions and 
exposed to both cold and heat shock, were analyzed with LC-MS/MS tandem mass 
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spectrometer. Also it is expected that the analysis of heat and cold stress induced 
culture of R.capsulatus will give novel information about stress response in alpha-
proteobacteria in which proteomic level analysis of stress response was not studied 
deeply. 
To summarize, the aim of the present sutdy was first to identify the changes 
introduced by heat and cold stress on hydrogen production by R. capsulatus at the 
proteomic level, and second to obtain heat-resistant R. capsulatus mutants by 
evolutionary engineering, to minimize the adverse effects of temperature increase in 
outdoor photobioreactors used for microbial hydrogen production.  
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2.  MATERIALS AND METHODS 
2.1 Materials 
2.1.1 Bacterial strains 
Bacterial strains used are listed in Table 2.1. 
Table 2.1: R. capsulatus strains used and generated in this study 
Strain Description 
Respiratory growth 
Phenotype 
Reference 
DSM1710 Wild type Sensitive to 42
 o 
C Imhoff et al.,1984 
B41 EMS Mutant Resistant to 42
 o 
C This work 
B42 EMS mutant Resistant to 42
 o 
C This work 
A52 EMS mutant Resistant to 42
 o 
C This work 
B33 EMS mutant Resistant to 42
 o 
C This work 
B32 EMS mutant Resistant to 42
 o 
C This work 
B31 EMS mutant Resistant to 42
 o 
C This work 
A510 EMS mutant Resistant to 42
 o 
C This work 
A511 EMS mutant Resistant to 42
 o 
C This work 
2.1.2 Culture media 
Culture media composition and preparation are given in the Appendix A.1. 
2.1.3 Chemicals 
The chemicals, which were used, are given in the Appendix A.2. 
2.1.4 Equipments 
Equipments used in this study are given in the Appendix A.3. 
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2.1.5 Maintenance of bacterial strains 
R. capsulatus strains were grown on MPYE (magnesium-calcium, peptone, yeast 
extract) enriched medium and the minimal medium of Biebl and Pfennig (BP). 
Photosynthetic (Ps) cultures were incubated under saturating light intensity, in 
anaerobic jars containing H2 and CO2 generating gas packs (BBL 270304, Becton 
Dickenson and Inc). For hydrogen production experiments, the minimal medium of 
Biebl and Pfennig (BP), supplied with C/N sources (15 mM/2 mM for malate/L-
glutamate) without ammonium chloride and yeast extract, was used. Cultures used 
for ethyl methane sulfonate (EMS) mutagenesis were prepared by the following 
procedure; a colony (DSM1710) was selected from the BP-malate-glutamate 
minimal agar plate. The colony was inoculated into 1 mL BP-malate-glutamate broth 
medium and incubated at 34˚C incubator with shaker, under respiratory conditions. 
2.2 Methods 
2.2.1 Ethyl methane sulfonate (EMS) mutagenesis 
Overnight culture of DSM1710 was centrifuged and supernatant was removed.1 mL 
of phosphate buffer (0.1 M KH2PO4 pH: 7.0) was added on the cell pellet and cell 
pellet was dissolved. Cell suspension was centrifuged again with phosphate buffer 
and supernatant was discarded. 0.1 M EMS/1 mL phosphate buffer was added, cell 
pellet was dissolved and put in microcentrifuge tube placed in 37˚C water bath with 
different incubation times (15 minutes, 30 minutes, 60 minutes, 90 minutes and 120 
minutes). After incubation with EMS, culture was spin down and washed twice with 
phosphate buffer.  Serial dilutions of cells were promoted from 10
-1
 up to 10
-6
. 
Dilutions were spread on to the BP-malate agar plates. Plates were incubated at 40 
0
C 
until the colonies were formed, 2-3 days. After incubation, colonies growing faster 
were selected. Glycerol stocks of these colonies were prepared and marked as novel 
EMS mutated strains (Rainey, Tabita, 1989).  
2.2.2 Evolutionary engineering 
First, genetically modified R.capsulatus cells (treated with 100mM EMS in KH2PO4 
for 90 minutes) were selected under heat shock conditions at 40°C on solid agar 
plates (Bp-Malate-Glutamate minimal medium suplemented with 15 grams of agar 
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for one liter medium) and photoheterotrophic conditions on minimal BP-Malate-
Glutamate agar plates. The growth of colonies at 40°C was examined and the 
colonies with the growing ability at this temperature were picked as starting material.  
After initial selection, by gradually increasing the intensity of stress (increasing the 
incubation temperature by 0.5°C at each step) the ability of the mutants which is the 
ability to grow at higher temperatures was developed to further temperatures up to 
42°C.  
2.2.3 Stability control of mutants 
Stability of mutants was analyzed by incubating the strains at 42 °C after making 
several passages at optimum growing conditions of R. capsulatus which is in 34 °C 
on minimal agar BP plates under respiratory conditions.  
2.2.4 Hydrogen production analysis 
Hydrogen production profiles of different R. capsulatus mutant strains were analyzed 
by using 55 mL glass-bottle photobioreactors. Photobioreactors were fully filled in 
order to generate anaerobic conditions and they were connected to water filled H2 
collection tubes. The bioreactors containing 55 mL of BP medium supplemented 
with 15 mM/2 mM malate-glutamate were inoculated with 4 mL pre-activated 
cultures (OD 630nm: 0.2) under sterile conditions and incubated at 30-34
o 
C at a 
light intensity of 2500-3000 lux at the surface of the reactor. The illumination was 
provided by two 75 W tungsten lamps, and the initial pH of the growth medium was 
about 6.8. Production of H2 gas, concomitant with the decrease of the water level in 
H2 collection tubes, was continuously monitored by a camera connected to computer 
(Uyar et al., 2007). 
2.2.5 Protein sample preparation 
One mL culture of R. capsulatus was spin down at maximum speed for 1 min. 
Supernatant was discarded and pellet was dissolved with 1 ml ammonium 
bicarbonate (50 mM). Pellet was washed twice and for long term storage; placed in   
-80 °C. Samples, taken from -80 °C refrigerator, were placed on ice. 200 µl SDS was 
added on pellet to start cell lysis (amount of SDS used is interchanegable according 
to size of pellet). Following the SDS detergent addition, sonication was performed as 
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6 secs on, 4 secs off, 6 cycles. Crude formed after sonication was centrifuged at 
maximum speed (14,000 rpm) for 15 min in order to eliminate cell wall and 
membranous structures.  Acetone, two times the volume of crude, was added on 
crude extract and incubated at -20 °C for overnight. Proteins precipitated by acetone 
treatment were collected by spin down them at maximum speed for 15 minutes. 
Supernatant was discarded by aspiration and pellet was air dried with vacuum dryer 
for 10 minutes. Dried pellet was resuspended with 200 µl of RapiGest (1 mg/ml).  
Suspension was sonicated one more time as described earlier. Sonicated suspension 
was centrifuged at maximum speed for 15 min. Supernatant was taken for protein 
amount determination with Bradford method. Protein samples were diluted to 
concentration of 50 ng/µl to a final volume of 100 µl. 50 µl sample was taken for 
further treatment; 5.5 µl ditihoDTT was added and mixture was incubated at 60 °C 
for 15 min to break down the SH bounds and make the proteins prone to methylation. 
6.1 µl IAA was added on to protein suspension-DTT mixture and incubated under 
dark conditions for 30 minutes to methylate the proteins to avoid them from 
renaturation. 50 µl trypsin (1mg/ml) was added on sample and incubated overnight at 
37 °C to cleave the peptide bonds with specific amino acid sequences and to promote 
tryptic peptides which would be analyzed with MS/MS. After overnight incubation at 
37 °C, 3 µl TFA, 2 µl Acetonitrile  were added to stop tryptic digestion and 5 µl 
phosphorylase B (calibrant) were added on to sample and volume of the mix was 
completed to 200 µl with ammonium bicarbonate. Sample mix was shaken for 2 
hours at 60 °C with 600 rpm speed and loaded to vials of LC-MS-MS with a volume 
of 20 µl. 
2.2.6 LC-MS/MS 
2.2.6.1 Electrospray ionization quadrupole time-of-flight (TOF) mass 
spectrometry analysis 
Each sample was analyzed in triplicate to eliminate technical errors. A 2 μl volume 
of sample (containing 200 ng of tryptic peptide mixture) was loaded on the system 
nanoACQUITY ultra pressure liquid chromatography (nanoUPLC) and SYNAPT 
high definition mass spectrometer with nanolockspray ion source). Prior to the 
injection, the columns were equilibrated with 97% mobile phase A (water with 0.1% 
TFA) and 3% mobile phase B (acetonitrile containing 0.1% TFA). The column 
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temperature was set to 35 °C. First, peptides were trapped on a nanoACQUITY 
UPLC Symmetry C18 Trap column (5 μm particle size, 180 μm i.d. x 20 mm length) 
at 5 μl/min flow rate for 5 min. Peptides were separated from the trap column by 
gradient elution on to an analytical column (nanoACQUITY UPLC BEH C18 
Column, 1.7 μm particle size, 75 μm i.d. x 250 mm length), at 300 nl/min flow rate 
with a linear gradient from 5 to 40% acetonitrile over 90 min. Data independent 
acquisition mode (MSE163 ) was carried out by operating the instrument at positive 
ion V mode, applying the MS and MS/MS functions over 1,5 sec intervals with 6 V 
low energy and 15-40 V high energy collision to collect the peptide mass to charge 
ratio (m/z) and the product ion information to deduce the amino acid sequence. To 
correct for the mass drift, the internal mass calibrant ―phosphorylase B‖ was infused 
every 45 sec through the nanolockspray ion source at 300 nl/min flow rate. Peptide 
signal data were collected between 50-1600 m/z values. 
2.2.6.2 Protein identification 
The raw data for peptide sequences were processed with ProteinLynx Global Server 
v2.4 (Waters Corp., Milford, MA) and searched with the IDENTITYE algorithm 
against a custom gelatin database that has specie specific tryptic peptide sequences. 
The aminoacid sequence of the internal standard (Glycogen phosphorylase muscle 
form rabbit, Uniprot accession # P00489) was included in the FASTA file of the 
database. 
The peptide sequences were acquired from the uniprot database and from an earlier 
published work. The Apex3D data preparation parameters were set to 0.2 min 
chromatographic peak width, 10.000 MS TOF resolution, 150 counts for low energy 
threshold, 50 counts for elevated energy threshold, and 1200 counts for the intensity 
threshold. Databank search query was set to minimum 3 fragment ion matches per 
peptide, minimum 7 fragment ion matches per protein, minimum 1 peptide matches 
per protein and 1 missed cleavage. Carbamidomethyl-cysteine fixed modification 
and Acetyl N-TERM, deamidation of asparagine and glutamine, oxidation of 
methionine and proline hydroxylation variable modifications were set. Absolute 
quantification of the peptides was calculated with the Hi3 functionality of the 
IDENTITYE system using the spiked known amount of the internal standard. The 
false positive rate against the random database was set to 4%. 
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2.2.6.3 Analysis of protein expression differences 
From bacterial cultures of different temperature and time intervals, total protein 
extraction was performed. Following the protein extraction; samples were treated 
with several chemicals and spin column to be avoid of salts and then by trypsin 
digestion severeal tryptic peptides were generated. Complex protein mixture 
gathered after treatment of protein extracts of R.capsulatus cultures incubated under 
different temperatures and time intervals were analyzed with mass spectroscopy 
based on LC-MS
E
 and LC-DDA methods. Protein expression differences were 
analyzed with bioinformatics‘ tools.  
2.2.6.4 MS  and MS/MS experimental set-up 
MS analysis was done with the aim of determining the peptides and metabolites by 
mass spectroscopy; on the other hand, MS/MS analysis was used to obtain 
information about aminoacid sequence information and chemical structure of 
metabolites. To analyse peptides; Water‘s MSE sysytem, which is an analysis method 
including analysis of SYNAPT-HDMS sysytem with collosion energy of former 5 
eV and later 25-40 eV, was used. In this method, every collosion data is collected for 
1.5 seconds and particles with a predetermined range of mass charge ratio (m/z) are 
investigated. By this approach, information about both the whole structure of 
molecule and the particles occupying the molecule is gathered. 
2.2.6.5 MSE experimental set-up 
MS
E
 is a method to analyze aminoacid sequence of peptides formed by trypsine 
digestion.  With the improvements of LC-MS/MS, SYNAPT-HDMS tool can 
analyse complex protein mixtures without selecting the precursor peptides and quick 
start of peptide digestion following the chromatographic separation disperse of 
quantity. Time-Aligne function of the new technology decides which particles, 
formed by the digestion of peptides, belongs to which peptide. This method makes 
analysis of peptides easier; since the method requires less parameters. Basically, 
method requires only the m/z range to search for peptides (mostly 50-1990 or 100-
1600).  
For a method to be said as effective; there are two main parameters to look at 1) 
Ratio of the tryptic peptides formed to theoretical number of peptides, so, higher 
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ratios mean high ability to identify proteins. 2) Higher number of ions formed 
following the peptide digestion shows the credibility of the aminoacid sequence 
determination. By occupying MSE method, larger number of proteins can be 
identified correctly. 
2.2.6.6 Compatible group analysis 
During analysis of tryptic peptides gathered from digestion of complex protein 
samples, thousands of mass spectra are formed. To determine protein quantities 
starting from this raw data, there is a need for softwares. To modulate expression 
differences of different groups, PLGS-Expression
E
 module was used. This 
bioinformatic software calculates the expression differences of groups and provides a 
table of proteins whose expression was changed.  
2.2.6.7 PLGS ExpressionE analysis 
PLGS-Expression
E
 module is the forthcoming software to determine changes in the 
protein expression. This module is a XML based informatic tool. Module is the 
platform to identify protein biomarkers for qualitative and quantitative calculations. 
In this analysis method, each sample was analyzed three times and the peptides 
found in two of three analyses were used for calculations.  By this way, the failure of 
the tool itself would be eliminated. Proteins separating the groups from each other 
were identified. Data gathered from Expression
E 
module were filtered by t-test and 
the valuable protein changes were determined.  
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3.  RESULTS 
3.1 Determination of Appropriate Concentration of Mutagen and Incubation 
Time for EMS Mutagenesis 
To generate mutants with ethyl methane sulfonate (EMS), optimum concentration of 
the mutagen and incubation time with the chemical, which is desired to result in 10% 
survival of the culture, must be determined. According to Tabita and Rainey, 10% 
survival rate after EMS mutagenesis gives the optimum number of mutants and 
optimum genetic diversity (1989). With this purpose of optimizing mutagenesis, the 
concentration of the chemical was fixed to 100 mM and different incubation intervals 
(60 minutes and 90 minutes) were applied (Table 3.1). A survival rate of 13% was 
achieved with 100 mM EMS concentration and 90 minutes of incubation (Fig. 3.1). 
On the other hand; the survival rate was 50% when the incubation time was 60 
minutes. The mutants from 90 minutes incubation time were stocked and used for 
selection of temperature resistant mutants of R. capsulatus by evolutionary 
engineering.  
Table 3.1: Number of colonies that survived from EMS mutagenesis and survival 
rates at different incubation times 
Incubation time 
Number of Colonies Formed at  
10
-6 
dilution 
Survival Rate (%) 
60 
min 
EMS treated culture 184 colonies 
50 
Control culture 367 colonies 
90 
min 
EMS treated culture 17 colonies 
13 
Control culture 131 colonies 
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Figure 3.1. Survived colonies from EMS mutagenesis at 90 min incubation are 
shown (a); control plate on which EMS mutagenesis procedure was not 
applied (b) 
3.2 Generation of Temperature Resistant Mutants Through Evolutionary 
Engineering 
EMS mutagenesis was applied on the wild type R. capsulatus strain DSM1710 in 
order to promote temperature resistant mutants of R. capsulatus. The highest 
temperature at which wild type strain can grow is 38 °C (Data not shown). Initial 
selection was performed at 40 °C and best growing colonies were picked. By 
increasing the temperature gradually with 0.5 °C intervals, adaptation of mutants to 
higher temperatures was achieved. Eleven mutant strains which could grow at 42 °C 
under respiratory conditions were selected (Fig. 3.2).  
3.3 Genetic Stability of The Mutants 
Genetic stability of mutants was examined by several passages on optimum growing 
conditions. After several passages (three passages) on optimum growing temperature, 
the mutants were cultured at 42 °C, and eight of the eleven mutants could grow at 
that temperature, which shows that eight of the eleven mutants were genetically 
stable (Fig. 3.2). 
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Figure 3.2. Mutants that can grow at 42°C 
3.4 Hydrogen Production by EMS Mutated Strains of R. capsulatus and Wild 
Type Strain 
Hydrogen production of eight stable EMS mutants was examined under 
photosynthetic conditions at 34 °C. Five of the mutant strains were producing higher 
amount of hydrogen compared to wild type and three of them were producing less 
hydrogen in volume. For further analysis, the mutant producing the highest amount 
of hydrogen (B41) and worst hydrogen producer mutant (A52) were selected along 
with the wild type. Several experiment (seven repeats) were performed for hydrogen 
production and average hydrogen production of mutants and wild type determined 
(Table 3.2 and Fig 3.3).  
Table 3.2: Average hydrogen productions of B41 and A52 mutant strains along with 
the wild type DSM1710 R.capsulatus strain against time 
Time (h) DSM1710 (mL) B41 (mL) A52 (mL) 
0 0 0 0 
6 0 0 0 
12 0 0 0 
18 0 0 0 
24 0.5 0.8 1.4 
30 1.8 3.4 3.6 
36 3.1 6.6 6.2 
42 5.1 9.6 8.2 
48 7.8 12.1 9.9 
60 12.4 15.6 11.6 
72 15.1 17.4 13.3 
84 16.8 19.1 14.8 
96 18.9 21.7 16.4 
108 21.4 24.5 18.5 
120 24.9 27.8 22.1 
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Figure 3.3. Average hydrogen productions of DSM1710, B41 and A52  with 
increasing time    
According to average hydrogen productions; wild type produced 24.9 mL hydrogen, 
B41 mutant produced 27.8 mL hydrogen and A52 mutant produced 22.1 mL 
hydrogen in 120 hours in nitrogen limited, (15mM malate/2mM Glutamate) 
photosynthetic conditions. When compared to wild type B41 mutant strain produced 
11.7% more hydrogen and A52 strain produced 11.2% less hydrogen than the wild 
type. 
 
 
Figure 3.4. Optical density versus time graph for DSM 1710 wild type strain, and 
B41 and A52 mutant strains 
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Figure 3.5. pH versus time graph of DSM 1710 wild type strain and B41 and A52 
mutant strains 
3.5 Protein Expression Analysis of Heat Shocked and Cold Shocked R. 
capsulatus 
In this section, detailed results of protein expression by R. capsulatus cells exposed 
to heat and cold stresses are reported. 
3.5.1 Comparison of protein expression levels of heat shocked (42°C- 2 hours) 
R.capsulatus with R.capsulatus grown under optimum conditions (30°C- 2 
hours) 
Expression levels of 36 proteins, listed in Table 3.3, have changed more than 1.5 
times when the protein expression profiles of heat shocked cells (42°C) are compared 
to cells incubated under optimum growth conditions (30°C) for two hours. 
Expression of 16 proteins has increased under heat shock conditions and 20 proteins 
have been expressed more under optimum growth conditions compared to heat shock 
conditions.  
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Table 3.3: List of proteins whose expression changed more than 1.5 times under heat 
shock conditions for 2 hours 
Accession Description Score Ratio Log(e)Ratio Log(e)StdDev P Value 
Highly 
Represented 
D5AQ86 Lipoprotein putative  769.95 - - - - 42°C-2h 
D5ANC2 Cytochrome c  5840.96 2.72 1 0.14 1   
D5ALD3 Chaperone protein dnaK  590.51 2.59 0.95 0.16 1   
D5AMD2 60 kDa chaperonin  1368.37 2.16 0.77 0.06 1   
D5AM12 30S ribosomal protein S5  447.42 2.08 0.73 0.42 1   
D5AMD1 10 kDa chaperonin  8275.63 1.95 0.67 0.13 1   
D5AMF5 Cytochrome c class I  227.21 1.95 0.67 0.53 0.99   
D5ARY6 Ferredoxin I  637.81 1.86 0.62 0.59 0.99   
D5AMH5 
Pyrimidine ABC transporter 
periplasmic pyrimi  2918.19 1.82 0.6 0.12 1   
D5AKF9 Thioredoxin 1  2461.45 1.82 0.6 0.21 1   
D5AP85 
Light harvesting protein B 
870 alpha subunit  4142.72 1.73 0.55 0.23 1   
D5ALX6 30S ribosomal protein S15  604.35 1.63 0.49 0.32 0.99   
D5ALZ3 30S ribosomal protein S10  390.13 1.62 0.48 0.36 1   
D5AQ91 Bacterioferritin  301.39 1.55 0.44 0.29 0.99   
D5ARP7 
Cytochrome c oxidase Cbb3 
type subunit III  694.28 1.54 0.43 0.69 0.91   
D5ANM8 
Secretion protein HlyD 
family  313.06 1.54 0.43 0.63 0.91   
D5ALX9 
Polyribonucleotide 
nucleotidyltransferase  748.9 0.64 -0.45 0.36 0.01   
D5ALZ5 50S ribosomal protein L4  715.67 0.62 -0.48 0.26 0   
D5AUC8 Elongation factor Ts  566.09 0.52 -0.66 1.02 0.13   
D5ARP3 UspA domain protein  472.54 0.49 -0.72 0.66 0.01   
D5AM62 30S ribosomal protein S16  1363.84 - - - - 30°C-2h 
D5AQ41 50S ribosomal protein L13  703.14 - - - - 30°C-2h 
D5AM06 50S ribosomal protein L24  692.44 - - - - 30°C-2h 
D5AKH2 Adenosylhomocysteinase  628.83 - - - - 30°C-2h 
D5AP86 
Photosynthetic reaction 
center L subunit  603.18 - - - - 30°C-2h 
Proteins whose expression was enhanced under heat shock conditions includes 
proteins taking place under electron transport machinery such as ―cytochrome c, 
ferrodoxin I, thioredoxin, cytochrome c oxidase and light harvesting protein B870‖. 
Chaperone proteins like ―dnaK, 60 kDa chaperonin and 10 kDa chaperonin‖, 
classified under heat shock proteins (Hsps), were also up-regulated. Another group of 
proteins whose expression enhanced by heat shock are ribosome subunits such as 
―30S ribosomal protein S5, 30S ribosomal protein S15 and 30S ribosomal protein 
S10‖. A membrane transport protein, ―ABC transporter‖ and a secretion protein from 
―HlyD family‖ were also expressed higher under heat shock conditions. The protein 
whose expression increased most under heat shock conditions is a lipoprotein 
putative found in the membrane structure. 
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Proteins whose expression decreased with heat shock include transcription 
mechinary proteins such as DNA directed RNA polymerase subunit, autoinducer 
binding elongation factor ―Ts‖ and ―Polyribonucleotide nucleotidyl transferase‖. 
Along with transcription machinery; some proteins of translation machinery were 
also down-regulated. Ribosomal proteins; ―50S ribosomal protein L4, 30S ribosomal 
protein S16, 50S ribosomal protein L13, 50S ribosomal protein L24‖, were expressed 
in a lower level under heat shock conditions compared to optimum growth 
conditions. Also proteins taking place in aminoacid metabolism such as 
―adenosylhomocysteinase, arginine biosynthesis bifunctional protein‖ and proteins 
have roles in nucleotide metabolism; ―polyribonucleotide nucleotidyl transferase‖, 
and ―nucleoside diphosphate kinase‖ were synthsized less under heat shock 
conditions. The protein whose expression decreased most under heat shock 
conditions seems to be ―DNA directed RNA polymerase‖. 
3.5.2 Comparison of protein expression levels of heat shocked (42°C- 6 hours) 
R.capsulatus with R.capsulatus grown under optimum conditions (30°C- 6 
hours) 
When the ratios of protein expression of samples from 42°C 6th hour were compared, 
it was seen that expression of 28 proteins, listed in Table 3.4, was changed.  
Expression of 28 proteins has changed more than 1.5 times when the protein 
expression profiles of heat shocked cells ( at 42°C for 6 hours) are compared to cells 
incubated under optimum growth conditions (at 30°C for 6 hours). Expression of 16 
proteins has increased under heat shock conditions and expression of 12 proteins 
have been decreased under heat shock conditions. 
The protein whose expression showed the highest increase in expression was an 
element of electron transport chain ― Electron transfer flavoprotein beta subunit‖. 
Along with ―flavo protein subunits‖, other proteins occupied for electron transfer 
chain, which are ― light harvesting protein B800- 850 beta chain‖ and ― succinate 
dehydrogenase flavoprotein subunit‖, were also expressed higher under heat shock 
conditions.  
Expression of ―lipoprotein putative‖ at 6th hour heat shock samples was higher than 
expression under 30°C 6th hour samples as in the second hour samples. Membrane 
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transport proteins that are integral to membrane or periplasmic were increased in 
amount under heat shock conditions; ―HlyD family secretion protein‖ and ― ABC 
transporter subunit‖ are two examples of proteins highly expressed under heat shock. 
―OmpA MotB‖ which is an integral membrane protein expressed higher under heat 
shock conditions.  
Table 3.4: List of proteins whose expression changed more than 1.5 times under heat 
shock conditions for 6 hours 
Accession Description Score Ratio 
Log(e)Rati
o 
Log(e)StdDev P Value 
Highly 
Represente
d 
D5AL53 
Electron transfer flavoprotein 
beta subunit  823.51 - - - - 42°C-6h 
D5ALZ4 50S ribosomal protein L3  516.12 - - - - 42°C-6h 
D5ANL7 Lipoprotein putative  509.09 - - - - 42°C-6h 
D5AL39 50S ribosomal protein L27  423.74 - - - - 42°C-6h 
D5ANM8 Secretion protein HlyD family  313.06 - - - - 42°C-6h 
D5AT08 
ABC transporter periplasmic 
substrate binding  263.65 - - - - 42°C-6h 
D5ARB4 OmpA MotB domain protein  260.26 - - - - 42°C-6h 
D5AU14 Phosphoglycerate kinase  214.18 - - - - 42°C-6h 
D5ALD3 Chaperone protein dnaK  590.51 2.59 0.95 0.17 1  
D5AMD2 60 kDa chaperonin  1368.37 1.72 0.54 0.07 1  
D5AM12 30S ribosomal protein S5  447.42 1.58 0.46 0.59 0.95  
D5ASM0 Nitrogen regulatory protein P II 2  2589.07 1.54 0.43 0.11 1  
D5ALN3 Citrate synthase  498.31 1.54 0.43 0.19 1  
D5APC6 
Succinate dehydrogenase 
flavoprotein subunit  498.98 1.51 0.41 0.48 0.95  
D5AU15 
Peptidyl prolyl cis trans 
isomerase  266.62 0.66 -0.41 0.64 0.12  
D5AMI7 
 Light harvesting protein B 800 
850 gamma chai  10583.25 0.64 -0.45 0.05 0  
D5ASA6 Cytochrome c2 1  276.82 0.64 -0.44 0.83 0.17  
D5AMI3 
Pyridine nucleotide disulfide 
oxidoreductase f  1276.3 0.58 -0.55 0.11 0  
D5ALY3 50S ribosomal protein L1  774.71 0.58 -0.54 0.49 0.01  
D5AMB4 Cold shock protein CspA 2  1954.7 - - - - 30°C-6h 
D5AP69 
Trimethylamine N oxide 
reductase  610.95 - - - - 30°C-6h 
D5AUC8 Elongation factor Ts  566.09 - - - - 30°C-6h 
D5ALY9 30S ribosomal protein S12  390.18 - - - - 30°C-6h 
D5AVB7 
Phosphoribosylformylglycinamid
ine synthase Pu  261.34 - - - - 30°C-6h 
D5ARX4 HesB YadR YfhF family protein  225.67 - - - - 30°C-6h 
D5AM21 
DNA directed RNA polymerase 
subunit alpha  210.79 - - - - 30°C-6h 
Proteins from heat shock protein family were expressed, chaperones and chaperonins 
higly expressed under heat shock conditions. Proteins occupied with the duty of 
aminoacid and peptide biosynthesis, which are ―citrate synthetase‖ and ribosomal 
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subunits L3, L27, S5,  were also up regulated. Proteins whose expression decreased 
under heat shock applied 6th hour samples were taking place under different 
metabolic reactions which are transcription; ―DNA directed RNA polymerase 
subunit‖ and ―Elongation factor Ts‖, electron transport; ―cytochrome c2‖ , 
―Trimethylamine N oxide reductase‖ and ―Light harvesting protein B800-850 
gamma chain, ligation; ―Phosphoribosylformylglycinamidin synthatase‖, iron-sulfur 
cluster binding; ―HesB YarD YthF family protein‖,cold shock response; ―CspA2‖ 
and ribosome assembly ―50S L1, 30S S12‖. 
3.5.3 Proteins expressed and repressed under heat shock 
There are 26 distinct proteins, represented in Figure 3.6 as a piechart, whose 
expression enhanced as a response to heat shock (26 proteins include both of the 
proteins which are highly expressed at two hour sample and six hour sample). Highly 
expressed proteins are responsible for various cellular functions that eight proteins 
that were expressed under heat shock are electron transfer proteins of different 
electron transfer chains, five of the proteins were ribonucleoproteins found in 
ribosome structure, four proteins were responsible for membrane transport; both 
transport to outside of the cell and periplasmic space, another group of proteins 
including four proteins were chaperones actively expressed under heat shock 
conditions, two proteins were members of energy metabolism,  one protein was an 
ezyme which is a member of aminoacid biosynthesis, and one protein was a 
transcription factor which is regulating nitrogen utilization of R.capsulatus.  
 
Figure 3.6. Piechart shows scattering of proteins whose expression increased as a 
response to heat shock 
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On the other hand there are 24 proteins, shown in Figure 3.7,  whose expression 
decreased as a result of heat shock. These proteins like the increasig ones are 
scattered according to their functions. Six proteins that were expressed less under 
heat shock conditions compared to optimum growth conditions are 
ribonucleoproteins occupying assembly of ribosome. Five proteins were members of 
electron transfer chains. Two proteins were taking place in energy metabolism both 
in TCA cycle and glycolysis. Two proteins were responsible for aminoacid 
biosynthesis and another two were taking place in transcription process as 
transcription factor and transcription machinery. One of the proteins is an enhancer 
of protein folding. Along with these proteins there are a protease activated by heat 
shock, one enzyme responsible for nucleotide biosynthesis, and one protein whose 
function is to synthsize Fe-S cluster of enzymes taking place in nitrogen utilization.  
 
Figure 3.7. Piechart of protein, decreased due to heat shock,  distribution according 
to functions 
3.5.4 Comparison of protein expression levels of cold shocked (4°C- 2 hours) 
R.capsulatus with R.capsulatus grown under optimum conditions (30°C- 2 
hours) 
Expression of 34 proteins, listed in Table 3.5, has changed more than 1.5 times when 
the protein expression profiles of heat shocked cells (4°C) are compared to cells 
incubated under optimum growth conditions (30°C) for two hours. Expression of 6 
proteins has increased under cold shock conditions and 28 proteins have been 
expressed more under optimum growth conditions compared to cold shock 
conditions.  
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Proteins found in the structure of membrane like liporoteins expressed more under 
cold shock conditions when compared to optimum growth conditions. Expression of 
this protein is highly represented under cold shock conditions. Expression of electron 
transfer protein cytochrome was also enhanced under cold shock conditions. 
Cytochrome c expressed 1.58 times more compared to level of expression under 
optimum growth conditions.  
Proteins whose expression was enhanced under cold shock conditions includes 
proteins taking place under electron transfer chain such as cytochrome c, DNA 
organization such as ―HU-1‖, ligation;―Phosphoribosylformylglycinamidine synthase 
and cold shock response like CspD.  
Proteins whose expression were down regulated with cold shock were assorted. Less 
expressed proteins were occupied with ribosome assembly, aminoacid biosynthesis, 
periplasmic and membrane transport, general stress response, glycolysis, TCA cycle, 
chlorophyll biosynthesis, transcription regulation, photosynthetic electron transport. 
Expression of DNA directed RNA polymerase is the most dramatic decrease  in 
expression, expression of RNA polymerase is almost none under cold shock 
conditions. Cold shock protein ―CspA‖ is a down regulated stress protein under cold 
shock conditions. Another stress protein, ―UspA domain protein‖, is also down 
regulated under cold shock conditions. Proteins occupied with protein biosynthesis 
are down regulated also, 50S L1 and L24 and 30S S18,S17 and S8 proteins were 
expressed in a lower level at cold shock conditions compared to optimum growth 
enviroment. Likewise, protein biosynthesis, proteins whose duty is the biosynthesis 
of aminoacids were down regulated. ―S adenosylmethionine synthase‖ and 
―Adenosylhomocysteinase‖ which are responsible for the aminoacid biosynthesis 
were expressed less than half under cold shock stress. Electron transfer chain 
proteins such as ―pyridine nucleotide transhydrogenase alpha‖, ―photosynthetic 
reaction center L subunit‖ and ―succinate de hydrogenase flavoprotein subunit‖ were 
also down regulated. Unlike heat shock conditions, electron transfer proteins whose 
expresssion altered under stress conditions were not up regulated, but they were less 
expressed. Proteins taking place in energy metabolism were down regulated during 
cold shock response. These proteins included ―phosphoglycerate kinase‖, 
―Dihydrolipoyllysine residue succinyl transferase‖ and ―Pyridine nucleotide 
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transhydrogenase alpha‖. ―Inorganic pyrophosphotase‖ that can take place under 
energy metabolism, expression is almost non under cold shock conditions.  
Table 3.5: List of proteins whose expression changed more than 1.5 times under 
cold  shock conditions for 2 hours 
Accession Description Score Ratio 
Log(e) 
Ratio 
Log(e) 
StdDev 
P Value 
Highly 
Represented 
D5AQ86 Lipoprotein putative  769.95 - - - - 4°C-2h 
D5ASK4 Pirin domain protein  331.42 - - - - 4°C-2h 
D5AVB7 
Phosphoribosylformylglycinamidin
e synthase Pu  261.34 - - - - 4°C-2h 
D5ANC2 Cytochrome c  5840.96 1.58 0.46 0.15 1  
D5AR60 Cold shock like protein CspD  1290.56 1.52 0.42 0.2 1  
D5ALF8 DNA binding protein HU 1  838.37 1.52 0.42 0.44 0.95  
D5ARK7 S adenosylmethionine synthase  410.19 0.59 -0.52 0.67 0.08  
D5AMB4 Cold shock protein CspA 2  1954.7 0.58 -0.54 0.83 0.08  
D5AUW5 30S ribosomal protein S18  1504.78 0.53 -0.64 0.76 0.04  
D5ARR0 Porphobilinogen deaminase  946.2 0.53 -0.63 0.39 0  
D5AT08 
ABC transporter periplasmic 
substrate binding  263.65 0.48 -0.73 0.99 0.05  
D5AMI4 
Light harvesting protein B 800 850 
beta chain  36023.77 0.39 -0.94 0.13 0  
D5ANH3 
Molybdenum ABC transporter 
periplasmic molybd  485.38 0.3 -1.2 0.8 0  
D5AKP1 
Sigma 54 modulation protein 
ribosomal protein  1348.4 - - - - 30°C-2h 
D5AM09 30S ribosomal protein S8  818.72 - - - - 30°C-2h 
D5ALY3 50S ribosomal protein L1  774.71 - - - - 30°C-2h 
D5ALX9 
Polyribonucleotide 
nucleotidyltransferase  748.9 - - - - 30°C-2h 
D5AM06 50S ribosomal protein L24  692.44 - - - - 30°C-2h 
D5AKH2 Adenosylhomocysteinase  628.83 - - - - 30°C-2h 
D5AP69 Trimethylamine N oxide reductase  610.95 - - - - 30°C-2h 
D5AP86 
Photosynthetic reaction center L 
subunit  603.18 - - - - 30°C-2h 
D5APC6 
Succinate dehydrogenase 
flavoprotein subunit  498.98 - - - - 30°C-2h 
D5ARP3 UspA domain protein  472.54 - - - - 30°C-2h 
D5AMD0 Inorganic pyrophosphatase  368.56 - - - - 30°C-2h 
D5AM04 30S ribosomal protein S17  332.78 - - - - 30°C-2h 
D5ALS1  Protease Do  306.66 - - - - 30°C-2h 
D5AM23 
Autoinducer binding transcriptional 
regulator  305.7 - - - - 30°C-2h 
D5APG1 Hydrogenase large subunit  245.79 - - - - 30°C-2h 
D5APA8 
Pyridine nucleotide 
transhydrogenase alpha su  243.04 - - - - 30°C-2h 
D5ALC7 
 Arginine biosynthesis bifunctional 
protein Arg  238.3 - - - - 30°C-2h 
D5AU26 Nucleoside diphosphate kinase  225.72 - - - - 30°C-2h 
D5APB8 
Dihydrolipoyllysine residue 
succinyltransferas  216.88 - - - - 30°C-2h 
D5AU14 Phosphoglycerate kinase  214.18 - - - - 30°C-2h 
D5AM21 
DNA directed RNA polymerase 
subunit alpha  210.79 - - - - 30°C-2h 
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3.5.5 Comparison of protein expression levels of cold shocked (4°C- 6 hours) 
R.capsulatus with R.capsulatus grown under optimum conditions (30°C- 6 
hours) 
Expression of 24 proteins, listed in Table 3.6,  has changed more than 1.5 times when 
the protein expression profiles of cold shock conditions (4°C ) are compared to cells 
incubated under optimum growth conditions (30°C) for six hours. Expression of 18 
proteins has increased under cold shock conditions and 6 proteins have been 
expressed more under optimum growth conditions compared to cold shock 
conditions.  
Proteins whose expression was enhanced under cold shock conditions includes cold 
shock induced proteins and cold shock proteins such as ―Sigma 54 modulation 
protein ribosomal protein, Cold shock like protein CspD, OmpA-MotB domain 
protein, UspA domain protein‖. Membrane proteins used for secretion and 
membrane transport which are ―Secretion protein HlyD family, Lipoprotein putative‖ 
were increased in expression. Electron transfer chain proteins ―Light harvesting 
protein B 800 850 beta chain, Electron transfer flavoprotein beta subunit and 
Cytochrome c oxidase Cbb3 type subunit III‖ were another class of proteins whose 
expression increased under cold shock conditions. Expression of membrane transport 
protein ―ABC transporter periplasmic substrate binding‖ was quite low under normal 
conditions when compared the level of expression under cold shock. Enzymes whose 
duty is to synthesize dNTPs ―Nucleoside diphosphate kinase and Pyridine nucleotide 
transhydrogenase alpha‖ increased under cold shock.    
Proteins whose expression decreased with heat shock include transcription 
mechinary proteins such as ―DNA directed RNA polymerase subunit, autoinducer 
binding elongation factor ―Ts‖ and Polyribonucleotide nucleotidyl transferase‖. 
Along with transcription machinery; translation machinery was also down-regulated. 
Ribosomal proteins; ―50S ribosomal protein L4, 30S ribosomal protein S16, 50S 
ribosomal protein L13, 50S ribosomal protein L24‖, were expressed in a lower level 
under heat shock conditions compared to optimum growth conditions. Also proteins 
taking place in aminoacid metabolism such as ―adenosylhomocysteinase, arginine 
biosynthesis bifunctional protein‖ and proteins have roles in nucleotide metabolism; 
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―polyribonucleotide nucleotidyltransferase, and nucleoside diphosphate kinase‖ are 
synthesized less under heat shock conditions. 
Table 3.6: List of proteins whose expression changed more than 1.5 times under 
cold  shock conditions for 6 hours 
Accession Description Score Ratio Log(e)Ratio Log(e)StdDev P Value 
Highly 
Represented 
D5AKU8 
Propanediol utilization protein 
PduB  3584.55 - - - - 4°C-6h 
D5AKP1 
Sigma 54 modulation protein 
ribosomal protein  1348.4 - - - - 4°C-6h 
D5AL53 
Electron transfer flavoprotein beta 
subunit  823.51 - - - - 4°C-6h 
D5ALX9 
Polyribonucleotide 
nucleotidyltransferase  748.9 - - - - 4°C-6h 
D5ARP7 
Cytochrome c oxidase Cbb3 type 
subunit III  694.28 - - - - 4°C-6h 
D5ARP3 UspA domain protein  472.54 - - - - 4°C-6h 
D5AL39 50S ribosomal protein L27  423.74 - - - - 4°C-6h 
D5AUJ3 Isocitrate dehydrogenase NADP  383.22 - - - - 4°C-6h 
D5ALG7 Lipoprotein putative  350.63 - - - - 4°C-6h 
D5ANM8 Secretion protein HlyD family  313.06 - - - - 4°C-6h 
D5AT08 
ABC transporter periplasmic 
substrate binding  263.65 - - - - 4°C-6h 
D5ARB4 OmpA MotB domain protein  260.26 - - - - 4°C-6h 
D5APG1 Hydrogenase large subunit  245.79 - - - - 4°C-6h 
D5APA8 
Pyridine nucleotide 
transhydrogenase alpha su  243.04 - - - - 4°C-6h 
D5AU26 Nucleoside diphosphate kinase  225.72 - - - - 4°C-6h 
D5AU14 Phosphoglycerate kinase  214.18 - - - - 4°C-6h 
D5AMI4 
Light harvesting protein B 800 850 
beta chain  36023.77 2.8 1.03 0.1 1  
D5AR60 Cold shock like protein CspD  1290.56 1.86 0.62 0.13 1  
D5AUD7 
Glyceraldehyde 3 phosphate 
dehydrogenase 1  488.72 0.58 -0.54 0.46 0.01  
D5AQ86 Lipoprotein putative  769.95 0.49 -0.72 0.34 0  
D5AM09 30S ribosomal protein S8  818.72 - - - - 30°C-6h 
D5AM06 50S ribosomal protein L24  692.44 - - - - 30°C-6h 
D5AU15 Peptidyl prolyl cis trans isomerase  266.62 - - - - 30°C-6h 
D5AVB7 
Phosphoribosylformylglycinamidine 
synthase Pu  261.34 - - - - 30°C-6h 
3.5.6 Proteins expressed and repressed under cold shock  
Expression of 22 proteins, shown in Figure 3.8 according to their functions,  
increased when R.capsulatus cultures were exposed to cold shock. Highly expressed 
proteins under cold shock response are variant that four of them are members of 
electron transfer chians, three proteins are mebrane proteins that can be either 
membrane integrated or integral membrane protein, another group of proteins 
including three proteins responsible for energy metabolism (TCA cycle and 
glycolysis), two membrane transporter proteins, and two ribosomal proteins; one of 
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them is a ribonucleoprotein and a sigma factor. Along with these proteins, a ligase, a 
cold shock protein, a DNA binding protein, a global stress response, a secretion 
protein, a response protein of external stimulus, an ezyme subunit taking place in 
hydrogen metabolism, and an enzyme responsible for nucleotide biosynthesis.  
 
Figure 3.8. Piechart is showing the percentages of proteins that are highly 
expressed as a response to cold shock and grouped according to their 
biological functions 
As a response to cold shock , expression of 30 proteins, shown in Figure 3.9,  
decreased. Proteins with decreased expression are ribonucleoproteins (six proteins), 
proteins taking place in energy metabolism (four proteins), electron transfer chain 
proteins (three proteins), enzymes used for aminoacid biosynthesis (three proteins), 
trancription factors (two proteins), enzmes of nucleotide biosynthesis (two proteins), 
enzymes of nucleotide metabolism (two proteins), a cold shock protein, an enzyme 
taking place in chlorophyll biosynthesis, a protein whose function is mRNA 
degredation, a protease, an integral membrane protein, a protein folding enhancer, a 
ligase, and a protein of hydrogen metabolism.   
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Figure 3.9. Piechart is showing the percentages of proteins whose expression was 
decreased as a response to cold shock and grouped according to their 
biological functions 
3.5.7 Comparison of protein expression levels of heat shocked (42°C- 2 hours) 
R.capsulatus with R.capsulatus grown under cold shock conditions (4°C- 2 
hours) 
There were 30 proteins, listed in Table 3.7, whose expression changed 1.5 times or 
more and PLGS score more than 200 when expression of heat shocked samples 
(42°C, 2 hours) compared with cold shock samples (4°C, 2 hours). 22 of these 
proteins were expressed higher under heat shock conditions and 8 of them were 
highly expressed in cold shock samples.  
Under heat shock conditions, the proteins with the highest expression ratio were 
ribonucleoproteins that ―30S ribosomal protein S8 and 50S ribosomal protein L1‖. 
Also other ribosomal proteins and translation regulators were increased in amount as 
a response to heat shock; these proteins are as follows; ―30S ribosomal protein S17, 
S18, S5 and S7 and elongation factor Ts‖. Global stress response protein ―UspA 
domain protein‖ is another stress response protein whose expression was enhanced 
against heat shock stress. Proteins occupied for electron transfer ―cytochrome c 
class‖ protein, ―cytochrome c‖ protein and ―light harvesting protein B800-850 beta 
chain‖ protein were expressed more at heat shock conditions. Proteins regulating the 
nitrogen metabolism of R.capsulatus ―nitrogen regulatory protein PII-2 and nitrogen 
regulatory protein PII-1‖ were much more under heat shock compared to cold shock.   
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Table 3.7: List of proteins whose expression changed more than 1.5 times when heat 
shocked cells compared  to cold shocked cells at second hour  
Accession Description Score Ratio Log(e)Ratio Log(e)StdDev 
P 
Value 
Highly 
Represented 
D5AM09 30S ribosomal protein S8  818.72 - - - - 42°C-2h 
D5ALY3 50S ribosomal protein L1  774.71 - - - - 42°C-2h 
D5AUC8 Elongation factor Ts  566.09 - - - - 42°C-2h 
D5APC6 
Succinate dehydrogenase 
flavoprotein subunit  498.98 - - - - 42°C-2h 
D5ARP3 UspA domain protein  472.54 - - - - 42°C-2h 
D5AM04 30S ribosomal protein S17  332.78 - - - - 42°C-2h 
D5APA8 
Pyridine nucleotide 
transhydrogenase alpha su  243.04 - - - - 42°C-2h 
D5AU14 Phosphoglycerate kinase  214.18 - - - - 42°C-2h 
D5AMI4 
Light harvesting protein B 800 850 
beta chain  36023.8 3.13 1.14 0.23 1  
D5AT08 
ABC transporter periplasmic 
substrate binding  263.65 3.1 1.13 0.97 1  
D5ARR0 Porphobilinogen deaminase  946.2 2.12 0.75 0.43 1  
D5ALD3 Chaperone protein dnaK  590.51 1.93 0.66 0.14 1  
D5AMD2 60 kDa chaperonin  1368.37 1.92 0.65 0.06 1  
D5ASM0 Nitrogen regulatory protein P II 2  2589.07 1.9 0.64 0.14 1  
D5ARK7 S adenosylmethionine synthase  410.19 1.9 0.64 0.56 0.97  
D5AUW5 30S ribosomal protein S18  1504.78 1.82 0.6 0.7 0.96  
D5AM12 30S ribosomal protein S5  447.42 1.73 0.55 0.37 1  
D5ANH3 
Molybdenum ABC transporter 
periplasmic molybd  485.38 - - - - 4°C-2h 
D5ALY9 30S ribosomal protein S12  390.18 - - - - 4°C-2h 
D5ASK4 Pirin domain protein  331.42 - - - - 4°C-2h 
D5AVB7 
Phosphoribosylformylglycinamidine 
synthase Pu  261.34 - - - - 4°C-2h 
D5ARX4 HesB YadR YfhF family protein  225.67 - - - - 4°C-2h 
Another class of proteins highly expressed as a response to heat shock was 
chaperones. ―60 kDa chaperonin, chaperone dnaK and 10 kDa chaperonin‖ were 
expressed highly in heat shock. ―S adenosylmethionine synthase‖ occupied to 
synthesize aminoacid is another protein whose expression was higher at heat shock 
conditions. Nucleotide metabolism protein; ―pyridine nucleotide transhydrogenase 
alpha‖, ―phosphoglycerate kinase‖ taking place in energy metabolism (glycolysis) 
and ―ABC transporter‖ which is a periplasmic transporter protein were also 
expressed higher under heat shock compared to cold shock.  
There are six proteins which were highly expressed under cold shock. These proteins 
were cold shock proteins ―cold shock like protein CspD‖, ribosomal proteins ―50S 
L13, L3 and 30S S12‖, a periplasmic transporter protein ―Molybdenum ABC 
transporter‖, ―HesB- YadR- YfhF family protein‖ taking place in assembly of iron 
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sulfur clusters, and ―phosphoribosylformylglycinamidine sythatase‖ responsible for 
the conversion of glutamine to glutamate. 
3.5.8 Comparison of protein expression levels of heat shocked (42°C- 6 hours) 
R.capsulatus with R.capsulatus grown under cold shock conditions (4°C- 6 
hours) 
It is seen from the comparison of ratios that expression of 26 proteins, listed in Table 
3.8, is different in heat shock and cold shock conditions. 13 proteins were expressed 
higher under heat shock conditions (42°C, 6 hours) and 13 proteins expressed highly 
under cold shock conditions (4°C, 6 hours).  
Proteins taking place under ribosome assembly and protein biosynthesis, chaperone 
proteins, proteins whose duty is to synthesize aminoacids, proteins taking place in 
the organization of DNA and enzymes of energy metabolism were expressed highly 
under heat shock conditions. Proteins whose expression exceeds the expression of 
others were the ribonucleoproteins which were ―50S L24 and L23‖. Membrane 
proteins two distinct ―lipoproteins‖ were also expressed higher under heat shock 
conditions. ―Chaperone dnaK, 10 kDa chaperonin, and 60 kDa chaperonin‖ were the 
chaperones expressed higher as a response to heat shock. Expression of ―peptidyl 
prolyl cis trans isomerase‖ responsible for the protein folding increased due to 
treatment with a higher temperature for 6 hours. Electron transfer chain protein 
―cytochrome c oxidase Cbb3 type subunit III‖, DNA binding protein ―HU-1‖, and 
enzyme taking place in energy metabolism ―glyceraldehydes 3 phosphate 
dehydrogenase I‖ increased in amount under heat shock conditions. 
Under cold shock conditions; expression of membrane proteins ―a lipoprotein 
putative and OmpA-MotB domain protein‖, cold shock or cold shock like proteins 
―CspD and CspA‖, global stress response protein ―UspA‖, nucleotide metabolism 
enzymes ―pyridine nucleotide disulfide oxidoreductase, nucleoside diphosphate 
kinase, polynucleotide nucleotidyltransferase‖, an electron transfer chain protein 
―trimethylamine N oxide reductase‖, a transketolase ―transketolase 2‖, and 
ribonucleoproteins responsible for the assembly of ribosome ―50S L1 and 30S S12‖ 
along with elongation factor ―Ts‖ was enhanced. 
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Table 3.8: List of proteins whose expression changed more than 1.5 times when heat 
shocked cells compared  to cold shocked cells at second hour 
Accession Description Score Ratio Log(e)Ratio Log(e)StdDev 
P 
Value 
Highly 
Represented 
D5AM06 50S ribosomal protein L24  692.44 - - - - 42°C-6h 
D5ALZ4 50S ribosomal protein L3  516.12 - - - - 42°C-6h 
D5ANL7 Lipoprotein putative  509.09 - - - - 42°C-6h 
D5AU15 Peptidyl prolyl cis trans isomerase  266.62 - - - - 42°C-6h 
D5AQ86 Lipoprotein putative  769.95 2.18 0.78 0.52 1  
D5ALD3 Chaperone protein dnaK  590.51 2.16 0.77 0.13 1  
D5AMD1 10 kDa chaperonin  8275.63 2.12 0.75 0.15 1  
D5AMD2 60 kDa chaperonin  1368.37 1.93 0.66 0.07 1  
D5ARP7 
Cytochrome c oxidase Cbb3 type subunit 
III  694.28 1.88 0.63 0.77 0.98  
D5ARK7 S adenosylmethionine synthase  410.19 1.58 0.46 0.42 0.97  
D5ALF8 DNA binding protein HU 1  838.37 1.57 0.45 0.5 0.94  
D5AUD7 
Glyceraldehyde 3 phosphate 
dehydrogenase 1  488.72 1.57 0.45 0.51 0.92  
D5ASK4 Pirin domain protein  331.42 1.54 0.43 0.86 0.76  
D5ALY3 50S ribosomal protein L1  774.71 0.64 -0.45 0.58 0.08  
D5ARB4 OmpA MotB domain protein  260.26 0.63 -0.46 0.82 0.14  
D5AMI3 
Pyridine nucleotide disulfide 
oxidoreductase f  1276.3 0.61 -0.49 0.12 0  
D5AU26 Nucleoside diphosphate kinase  225.72 0.61 -0.49 0.76 0.11  
D5AR60 Cold shock like protein CspD  1290.56 0.38 -0.96 0.18 0  
D5AMB4 Cold shock protein CspA 2  1954.7 - - - - 4°C-6h 
D5ALX9 Polyribonucleotide nucleotidyltransferase  748.9 - - - - 4°C-6h 
D5AP69 Trimethylamine N oxide reductase  610.95 - - - - 4°C-6h 
D5AUC8 Elongation factor Ts  566.09 - - - - 4°C-6h 
D5AV94 Transketolase 2  542.76 - - - - 4°C-6h 
D5ARP3 UspA domain protein  472.54 - - - - 4°C-6h 
D5ALY9 30S ribosomal protein S12  390.18 - - - - 4°C-6h 
D5ALG7 Lipoprotein putative  350.63 - - - - 4°C-6h 
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4.  DISCUSSION 
There is no information about cold and heat shock response of R.capsulatus in 
literature. However; information about heat and cold shock response of some other 
alpha-proteobacteria  is available.  
In Desulfuvibrio vulgaris, which is an alpha-proteobacterium like R.capsulatus,  heat 
shock results in a dramatic change of proteome. Especially the chaperones and ABC 
membrane transporters increased in expression (Chabbra et al., 2006). The number 
of proteins the amount of which increased as a response to heat shock are less than 
the number of proteins which were repressed under heat shock conditions. The 
functions of repressed proteins were diverse: proteins of energy metabolism, proteins 
taking place in nucleotide metabolism and ribosomal structural proteins decreased in 
expression under heat shock conditions. The results of that work show similarity with 
results of heat shock applied R.capsulatus, which was analyzed in this thesis work.  
In another study about heat shock response of the gram negative bacterium E.coli, 
expression of cell envelope proteins, chaperones, proteins taking place in protein 
biosynthesis, energy metabolism, and aminoacid biosynthesis changed (Lüders et al., 
2009). In that study, some of the ribosomal proteins (S11, L5, S4) were increased in 
expression and others such as ―S2‖ decreased in amount. The same response was 
observed in R.capsulatus samples that were shocked by heat. Another interesting 
result of this study was that membrane transport proteins like ―OmpA‖ decreased in 
expression which decreased in heat shocked R.capsulatus samples, as well. 
A study onRhodobacter sphaeroides, a bacterium classified under Rhodobacter 
genus like Rhodobacter capsulatus,showed that 34 proteins were activated under 
heat shock conditions (42°C).Seven of activated proteins were activated by other 
stress conditions such as oxidative stress and starvation. Thus, these proteins are not 
heat shock-specific, rather they are global stress response proteins. However; 
remaining 27 proteins are heat shock-specific and are called heat shock proteins 
(HSPs) (Nepple,Bachofen; 1997).  
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During exposure to elevated temperature; cells are prone to structural disorders. 
Under heat shock conditions, especially the expression of chaperones increased to 
protect the proteins from degradation.  Expression of chaperones increased in both 
second hour and sixth hour samples of heat shocked cells. Chaperones that were 
activated under heat shock conditions are ―Chaperone protein dnaK‖, ―60 kDa 
chaperonin‖, ―10 kDa chaperonin‖.  Along with chaperones, expression levels of 
proteins that have a role in cell division also increased (Nepple,Bachofen; 1997).  
Expression of ―cell division protein ZapA family‖ increased in 42°C samples. Both 
heat shock and cold shock affected protein profile of the cells dramatically 
(Yura,Nakahigashi, 2001). To change protein profile of the cell, expression of  
proteases and ribosome subunits increased. Ribosomal proteins like ―50S ribosomal 
protein L10, 30S ribosomal protein S5‖ and proteases such as ―dnaK‖  increased in 
both second and sixth hour samples of 42°C treated, heat shocked, cells.  
When Rhodobacter capsulatus cells were exposed to cold shock, some of the 
proteins taking part in nitrogen metabolism were induced; which are ―Nitrogenase 
iron protein 2, Sigma 54 modulation protein, Thioredoxin 2‖. Still; proteins of 
electron transport chain  like  ―Electron transport complex protein rnfG, Cytochrome 
c oxidase Cbb3 type subunit III, Thioredoxin 2‖ were actively synthesized under heat 
shock conditions.  
Moreover; when samples of 42°C (heat shocked) were compared to 4°C (cold 
shocked), it was observed that the expression of cell-cycle related proteins ―Cell 
division protein ZapA family, Chromosome partition protein Smc‖ increased. This 
situation may refer to the possibility that R capsulatus can  divide as a response to 
heat shock. 
Under cold shock conditions; leading proteins whose expression is activated are cold 
shock proteins (CSPs) and cold shock like proteins (El-sharoud, Graumann; 2006). 
CSPs have a number of activities along with chaperoninin activity like; enhancing 
transcription, increasing DNA recombination and coiling, facilitating mRNA 
attachment to ribosome and ribosome assembly (Phadtare, 2004). By comparing the 
samples of 4°C second hour with 30°C second hour, it was observed that the 
expression of cold shock proteins were increased under cold shock conditions; which 
is an expected result. ―Cold shock protein CspA 1‖, ―DNA binding protein HU 1‖, 
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―Cold shock like protein CspD‖ proteins are examples of cold shock proteins whose 
expression increased under cold shock conditions. Moreover; the expression of some 
cold shock proteins; CsbD family cold shock proteins, increased even further when 
4°C sixth hour samples were compared to 30°C sixth hour samples. The protein 
whose expression increased the most is a lipoprotein putative of membrane proteins. 
The reason for this increase could be to increase membrane fluidity which decreases 
with decreasing temperature (El-sharoud, Graumann; 2006). Along with lipoproteins, 
desaturases increasing the fludity of the membrane by desaturating the saturated fatty 
acids of membrane are also expected to be increased (Phadtare, 2004); however, the 
amount of desaturases were not increased significantly according to results of LC-
MS/MS analysis. As a response to cold shock; bacteria change their proteome 
dramatically (Phadtare, 2004); so, the translation mechanism and transcription 
mechanism should be activated. As expected; the amount of ribosomal proteins 
accompanying the ribosome subunits increased. Ribosomal protein increased under 
cold shock conditions is50S ribosomal protein L27. Another group of proteins 
expressed under cold shock conditions is RNA chaperones, according to El-sharoud, 
Graumann (2002). RNA chaperones are responsible for the protection of cells from 
secondary RNA structures formed due to cold shock. However; expression of RNA 
chaperones was not observed for the cold shock R.capsulatus cells. As a response to 
cold shock, expression of photosynthetic proteins decreases (El-sharoud, Graumann, 
2002). At 4°C; expression of ―Light harvesting protein B 800 850 beta 
chain‖decreased in both second hour sample and sixth hour sample. 
Moreover, expression of nine proteins increased under both heat and cold shock 
conditions. These proteins arevariant according their molecular and biological 
functions.  Membrane structural protein ―lipoprotein putative‖ is one of those highly 
expressed proteins under both stress conditions. Another group of proteins whose 
expression enhanced under stress conditions are  proteins of electron transfer chains 
which are ―cytochrome c” that soluble component of electron transfer chain, 
―electron transfer flavoprotein- beta subunit‖ , ―cytochrome c oxidase cbb3‖ that is a 
oxidoreductase whose molecular function is to carry and transfer electrons, and 
―light harvesting B800-850 beta chain‖ located at cell inner membrane as apart of 
antenna complex which is transferring the excitation energy to the reaction center.  
Membrane transporters are another group of proteins whose expression increased 
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under stress. ―ABC transporter periplasmic substrate binding protein‖ whose 
function is to deliver the ligand (iron ions)  to the extracellular gate of the 
transmembrane domain by binding their substrates selectively to ensure the 
specificity of the transport reaction was expressed highly under both stress 
conditions. ―OmpA-MotB‖, another protein highly expressed under stress, functions 
as a proton channel where proton passing through MotB channel promotes a motive 
force and OmpA is the membrane anchored part of the protein (Hosking et al., 2006; 
Anand et al., 2004; Wover et al., 1998; Cogdell et al., 1999).  
There are six proteins whose expression decreased as a response to both heat and 
cold shock. These proteins are ―polyribonucleotide nucleotidyl transferase‖ which is 
an enzyme with the function of mRNA degradation, a ribonucleoprotein ―50S 
subunit L24 protein‖ : one of two assembly initiator proteins which binds directly to 
the 5'-end of the 23S rRNA where it nucleates assembly of the 50S subunit, 
―trimethylamine N oxidoreductase‖ which is an electron carrier protein, ―DNA 
directed RNA polymerase‖ that catalyzes the transcription of DNA into RNA using 
the four ribonucleoside triphosphates as substrate, ―peptidyl prolyl cis-trans 
isomerase‖ that accelerates the folding of proteins by catalyzing the cis-trans 
isomerization of proline imidic peptide bonds in oligopeptides, and 
―phosphoribosylformylglycinamidine synthase‖ that is a ligase with the synthase 
activity.  
To conclude, this study helped to identify the responses of R. capsulatus to heat and 
cold shock stresses at the proteomic level. The results generally showed similarities 
with those of other alpha proteobacteria. Proteomic analyses of the wild type and the 
heat-resistant mutants obtained in this study by evolutionary engineering approach 
and their relative comparison will help identify the major molecular factors 
conferring heat resistance to R. capsulatus.   
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5.  CONCLUSION AND RECOMMENDATIONS 
By using evolutionary engineering approach temperature resistant (up to 42 °C) 
mutants of R.capsulatus were generated. The genetic stability of mutants was 
checked and eight of the mutants were genetically stable. Hydrogen production of the 
mutants was analyzed and five of the mutants were producing higher amount of 
hydrogen compared to wild type and three of the mutants were producing less 
amount of hydrogen than the wild type. The best hydrogen producer mutant, B41, 
produced 11.7% more hydrogen than wild type and the mutant with least hydrogen 
producing capacity, A52, produced 11.2% less hydrogen compared to wild type 
DSM1710 strain. 
The results showed that evolutionary engineering is a useful approach in improving 
industrially important microbial properties, including hydrogen production by R. 
capsulatus. Detailed transcriptomic and proteomic analyses of the mutants would be 
necessary to understand the molecular changes in mutants which are both high 
temperature-resistant and high-hydrogen producers. 
Moreover, protein profile of heat shocked and cold shock R. capsulatus samples 
were analyzed. The proteome of these samples showed that cold and heat shock 
changes protein profile dramatically. Heat shock proteins (Hsps) were the major 
proteins whose expression increased under heat shock conditions. Cold-induced 
proteins, on the other hand, were increased under cold shock conditions. Also, 
negative regulators of nif genes were activated under both of cold and heat shock 
conditions. Hydrogen metabolism of R.capsulatus was affected negatively due to 
both of cold and heat shock. 
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APPENDIX A.1 
BACTERIAL GROWTH MEDIUMS 
Sistrom’s Minimal Medium (Med A) liquid 
                 For 1L 
(NH4) 2SO4  [10%]        5 ml  
Sodium (or Potassium) Succinate [10%]  20 ml 
NaCl [10%]        5 ml 
L-Glutamic acid [5%, pH:7]      2 ml 
L-Aspartic acid [2%, pH:7]      2 ml 
Macroelement solution    20 ml  
Potassium phosphate [1M, pH:6.8]              20 ml 
are completed up to 1 L and autoclaved. When the temperature is 50-55C, sterile 10 
ml 100X Vitamin is added and mixed. 
Med A-Plate 
                   For 1L 
(NH4) 2SO4  [10%]       5 ml  
Sodium (or Potassium) Succinate [10%]  20 ml 
NaCl [10%]        5 ml 
L-Glutamic acid [5%, pH:7]                 2 ml 
L-Aspartic acid [2%, pH pH:7]     2 ml 
are completed with dH2O to 920 ml. 15 g agar [1.5%] is added, and autoclaved. 
Sterile 20 ml macroelement solution, 20 ml potassium phosphate [1M, pH:6.8], and 
10 ml 100X vitamin are added and mixed when the temperature of the medium is 50-
55C. 
Stock Solutions of Med A 
A) Microelements Solution  
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                   For 1 L 
ZnSO4.7H2O       10 g 
EDTA          2.5 g 
FeSO4.7H2O         5 g 
H3BO3           1.14 g  
MnSO4.H2O         1.54 g 
CuSO4.5H2O         3.92 g 
Co(NO3)2.6H2O        2.5 g 
are dissolved in 1 L dH2O, autoclaved and stored.  
B) Macroelements Solution 
                For1 L  
Nitrilotriacetic acid    10 g 
MgSO4.7H2O     29.5 g 
CaCl2.2H2O       3.3 g 
FeSO4.7H2O       9.9 g 
Microelements Solution    50 ml 
are dissolved in 800 ml dH2O, pH is adjusted with KOH to 6.8-7. The volume is 
completed to 1 L with dH2O and autoclaved. 
C) Vitamins (100X)  
                 For 1 L 
Nicotinic acid     100 mg 
Thiamin HCl        25 mg 
Biotin (40 µg/ml stock)      12.5 ml  
are dissolved in 1 L dH2O, sterilized with 0.22 m filter, and stored at +4C. 
Liquid MPYE-Medium (enriched Medium) 
             For 1 L 
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Bacto pepton  (0.3%)    3 g 
Yeast extract (0.3%)                     3 g 
MgCl2 (1,6 mM)    1.6 ml 
CaCl2 (1 mM)     1 ml 
are dissolved in dH2O. pH is adjusted with  NaOH to 7 and autoclaved.  
MPYE-Plate 
 For 1 L liquid MPYE medium, 15 g agar (1.5%) (Difco-Bacto agar) is added and 
autoclaved.  
Minimal medium of Biebl and Pfennig (BP)           
              For 1 L 
KH2PO4     0.5 g 
MgSO4  7H2O   0.2 g 
NaCl     0.4 g 
Na-glutamate (2 mM)   0.36 g 
CaCl2  2H2O              0.05 g 
DL-Malic Acid (15 mM)  2.0 g 
Vitamin Solution    1ml 
Trace Element Solution SL7  1 ml 
Fe-citrate Solution    1 ml 
Stock Solutions of BP medium 
A) Trace Element Solution 
              For 1 L 
HCl (25% v/v)    1 ml 
ZnCl2     70 mg 
MnCl2  4H2O    100 mg 
H3BO3     60 mg 
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CoCl2  6H2O    200 mg 
CuCl2  2H2O    20 mg 
NiCl2  6H2O    20 mg 
NaMoO4  2H2O   40 mg 
B) Fe-citrate Solution 
0.5 g Fe-citrate is dissolved in 100 ml distilled water and sterilized by autoclaving. 
C) Vitamin Solution 
              For 1 L 
Thiamine    500 mg  
Niacin (Nicotinate)   500 mg 
Biotin     15 mg 
 
* Growth mediums, solutions and buffers are sterilized by autoclaving at 121C for 
30 min. 
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APPENDIX A.2 
CHEMICALS 
Acetic acid (Merck, 100056) 
Agar (Difco, 0140-01) 
Amonium persulfate [APS] (Sigma, A-9164) 
L-Aspartic acid (Sigma, A-9256) 
Bacto Peptone (Difco, 0118-17-0) 
Bacto Tryptone (Difco, 0123-17-3) 
Biotin (SIGMA) 
BSA [Bovine Serum Albumin] (Sigma, A-9647) 
CaCl2.2H2O (MERCK) 
CoCl2.6H2O (MERCK) 
CuCl2.2H2O (MERCK) 
Glycerol, cell culture tested (Sigma, G-2025) 
HCl (MERCK) 
H3BO3 (MERCK) 
Hydrogen peroxide [(H2O2), 30%] (Aldrich, Chemical Co., 21, 676.3) 
L-Glutamic acid (Sigma, G-1251) 
Fe-citrate (MERCK) 
Malic Acid (MERCK) 
MgSO4.7H2O (MERCK) 
Methanol (Carlo Erba reagent, 309203) 
MOPS [3- (N-Morpholino) propanesulfonic acid] (Sigma, M-9381) 
Niacin (SIGMA) 
NiCl2.6H2O (MERCK) 
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KH2PO4 (MERCK) 
Proponal (Merck, 100995) 
RNAse A (from bovine pancreas) (Bioehringer mannheim, 83686728) 
SDS (Lauryl sulfate) (Sigma, L-5750) 
Sigmacote
®
 (Sigma, SL-2) 
Sodium acetate (Merck, 6268.1000) 
NaCl (MERCK) 
NaOH (MERCK) 
Sodium Glutamate (MERCK) 
NaMoO4.2H2O (MERCK) 
Succinic Acid [Disodium Salt Hexahydrate] (Sigma, S-9637) 
Temed (Sigma, T-7024) 
Tetracycline Hydrochloride, Crystalline (Sigma, T-3383) 
Thiamine (SIGMA) 
Tris Base (Trizma base, J.T. Baker 77-86-1) 
Tricine (Electrophoresis Grade) (Sigma T-7911) 
Yeast Extract (Difco, 0127-17-9) 
ZnCl2, MnCl2.4H2O (Merck) 
Water, Chromosolv, for HPLC (Sigma # 34877) 
DL-Dithiothreitol (dtt)  ≥ % 99, 5 (Sigma # 43815) 
Iodoacetamide (IAA) (Sigma # 1149-25G) 
Trifluoroacetic acid (TFA)  %98 (Sigma  #T6508-100ML) 
Ammonium bicarbonate ≥ % 99, 5 (Fluka # 09830) 
Acetonitrile LC-MS Chromasolv (Fluka # 34967 ) 
Formic acid for MS %98 (Fluka # 94318-50L-F) 
Alcohol Dehydrogenase (ADH)  (Waters # 186002328) 
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Protein Standard Set (BSA) (Sigma #P5494-1SET)   
Bradford reagent (Sigma #B6916-500ML)      
Acetone (Sigma #34850)   
Rapigest (Waters # 186001861) 
Trypcine (Proteomics grade) (Sigma # T6567-5X20UG) 
Protease Inhibitor Cocktail (Sigma # P8340) 
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APPENDIX A.3 
EQUIPMENTS USED IN THIS STUDY 
34 ºC and 37 ºC Etuve (Nuve EN 500) 
34 ºC and 37 ºC shaker-incubator (Nuve SL 350) 
4 ºC- 99 ºC Incubator, Memmert  
Anaerobic jar (Oxoid) 
Gas Generating Kit (BR038B) 
Anaerobic catalyst (BR55) 
Biorad Protein Electrophoresis System 
Heat Blocks  
Dry Bloc (Techne DB 2A, Dry-Block) 
Shaker-heater (IKA RCT basic) 
Autoclave (V/O Medoxport rk-100-2) 
pH meter (Metrohm 744) 
Micropipettes, Pipetman®, Gilson 
0-20, 0-200 and 100-1000 μl pipettes 
Centrifuges 
Desktop centrifuges (Biofuge fresco Heraeus instruments) 
Micro 20 centrifuge, Hettich 
Megafuge 2.0R (Heraeus sepatech) 
Coolers 
+4 ºC Refrigerators 
+4 ºC Room 
-20 ºC deepfreeze, Bosh 
-85 ºC deepfreeze, Nuaire -85 ultraslow freezer 
Scales 
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Vortex (IKA MSI Minishaker)  
Vivaspin (100- 500 µl) (Sartorious-Stedim # 9049850) 
Lobind Microfuge tubes (Eppendorf  # Z666505, Z666491 – 100EA) 
LC- Vials (Supelco # 29413-U) 
Waters‘ SYNAPT LC-MS/MS Tandem Mass Spectrometry 
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